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The  van  der  Ziel  Award,  sponsored  by  Westinghouse  Electric 
Company,  was  established  in  honor  of  Professor  Aldert  van  der 
Ziel  for  his  long,  distinguished  and  illustrious  career  as  an 
educator  and  a  research  scientist. 


LESTER  F.  EASTMAN 

Lester  F.  Eastman  was  born  in  Utica,  NY,  and  obtained  B.S. 
(1953),  M.S.  (1955),  and  Ph.D.  (1957)  degrees  at  Cornell 
University.  He  joined  the  faculty  of  Electrical  Engineering  at 
Cornell  in  1 957,  and  also  serves  as  a  member  of  the  graduate 
fields  of  Applied  Physics  and  Materials  Science.  Since  1965  he 
has  been  doing  research  on  compound  semiconductor  materials, 
high  speed  devices,  and  circuits,  and  has  been  active  in  organiz¬ 
ing  workshops  and  conferences  on  these  subjects  elsewhere 
since  1965  and  at  Cornell  from  1967.  In  1977  he  joined  other 
Cornell  faculty  members  in  obtaining  funding  and  founding  the 
National  Research  and  Resource  Facility  for  Submicron 
Structures  at  Cornell  (now  Cornell  Nanofabrication  Facility).  Also 
in  1977  he  founded  the  Joint  Services  Electronics  Program  and 
directed  it  until  1987.  He  has  recently  joined  with  others  at 
Cornell  to  develop  a  large  effort  in  high  frequency/high  speed 
optoelectronics.  He  has  supervised  over  97  PhD  theses,  over  50  MS  theses,  and  over  50  post-doctoral 
studies,  in  his  research  group  effort  is  underway  on  molecular  beam  epitaxy,  microwave  transistors,  high 
speed  semiconductor  lasers,  high  frequency  photo-receivers  and  fundamental  phenomena  in  compound 
semiconductor  quantum  electron  and  optical  devices.  During  the  1978-1979  year  he  was  on  leave  at 
MIT’s  Lincoln  Laboratory,  and  during  the  1985-86  year  he  was  at  IBM  Watson  Research  Laboratory. 
During  1983  he  was  the  IEEE  Electron  Device  Society  National  Lecturer.  He  was  a  member  of  the  U.S. 
Government  Advisory  Group  on  Electron  Devices  from  1978-1988,  and  has  served  as  a  consultant  for 
several  industries.  From  1987-1993  he  served  as  a  member  of  the  Kuratorium  (Visiting  Senior  Advisory 
Board)  of  the  Fraunhofer  Applied  Physics  Institute  in  Freiburg,  Germany.  He  is  the  Chairman  of  the 
Advisory  Committee  for  the  Materials  Science  Research  Center  of  Excellence  at  Howard  University.  He 
is  a  founder  in  1985  and  has  served  as  chairman  of  the  board  of  directors  of  Northeast  Semiconductors, 
Inc.  from  1985-1993.  He  has  been  a  Fellow  of  IEEE  since  1969,  a  member  of  the  National  Academy  of 
Engineering  since  1986,  and  has  been  appointed  the  John  L.  Given  Foundation  Chair  Professor  of 
Engineering  at  Cornell  in  January  1985.  In  September  1991  he  was  awarded  the  GaAs  Symposium 
Award,  and  the  Heinrich  Welker  medal,  for  his  “contributions  to  the  development  of  ballistic  electron 
devices,  planar  doping,  buffer  layers,  and  AllnAs/GalnAs/lnP  heterostructures”.  He  was  awarded  the 
Alexander  von  Humboldt  Senior  Fellowship  in  1994. 
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introduction 


This  volume  contains  the  Proceedings  of  the  third  International  Semiconductor  Device  Research 
Symposium  (ISDRS-95,  Charlottesville, Virginia,  December  5-8, 1995). 

The  goal  of  this  international  meeting  is  to  provide  a  congenial  forum  for  the  exchange  of  infor¬ 
mation  and  new  ideas  for  researchers  from  university,  industry  and  government  laboratories  in  the  field 
of  semiconductor  devices  and  device  physics.  Our  other  goal  is  to  make  this  conference  truly  internation¬ 
al.  To  achieve  this,  the  symposium  has  sub-committees  in  Asia,  Europe,  Japan  and  the  former  Soviet 
Union.  This  conference  is  organized  in  cooperation  with  the  IEEE  MTT  Society,  the  European  Physical 
Society,  the  United  States  National  Committee  of  URSI  and  the  Russian  Physical  Society. 

The  program  committee  received  submissions  from  22  countries,  representing  three  (3)  conti¬ 
nents.  Of  the  submitted  papers,  150  have  been  selected  for  oral  presentations  and  about  75  for  poster 
presentations.  These  papers  cover  a  broad  range  of  topics,  including  novel  and  ultra-small  devices,  pho¬ 
tonics  and  optoelectronics,  heterostructure  and  cryogenic  devices,  wide  band  gap  semiconductors,  thin 
film  transistors,  MEMs,  MOSFET  technology  and  devices,  carrier  transport  phenomena,  materials  and 
device  characterization,  simulation  and  modeling.  It  is  hoped  that  such  a  broad  range  of  topics  will  foster 
a  cross-fertilization  of  the  different  fields  related  to  semiconductor  materials  and  devices. 

Three  special  symposia  are  also  included  this  year:  Mid-to-Far  Infrared  Semiconductor  Lasers, 
Laser  Modeling,  and  MEMs. 

The  first  ISDRS  symposium  in  1991  was  dedicated  to  the  memory  of  Professor  Aldert  van  der 
Ziel  who  made  seminal  contribution  to  the  theory  of  semiconductor  devices,  especially  to  the  theory  of 
noise,  and  who  educated  literally  hundreds  of  graduate  students.  At  the  second  symposium  in  1993, 
ISDRS  established  a  van  der  Ziel  Award  sponsored  by  the  Westinghouse  Electric  Corporation.  We  are 
pleased  to  announce  that  the  1995  award  goes  to  Lester  F.  Eastman,  Professor  of  Electrical 
Engineering,  Cornell  University. 

Every  year  a  Best  Student  Paper  Award  is  chosen  by  the  Organizing  Committee  at  the  close  of 
the  symposium  from  evaluations  received  from  the  participants.  Two  papers  won  the  1993  Best  Student 
Paper  Award.  Recipients  were  Edgar  Martinez,  Solid  State  Electronics  Directorate,  Wright  Laboratory, 
Wright-Patterson  Air  Force  Base,  Factors  Determining  the  Gate  Leakage  Current  in  Different 
Heterostructure  Fieid  Effect  Transistor  Technoiogies,  and  Kaushik  Bhaumik,  Cornell  University,  23  GHzfj 
Room  Temperature  SiGe  Quantum  Weii  p-MOSFETs. 

ISDRS-95  was  made  possible  by  the  generous  support  of  the  Office  of  Naval  Research  and 
Army  Research  Office. 

We  hope  that  you  find  the  symposium  fruitful  and  that  you  will  look  forward  to  ISDRS-97. 


Elias  Towe,  ISDRS-95  Symposium  Co-Chair 


Federico  Capasso,  ISDRS-95  Symposium  Co-Chair 
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Deep  Submicron  III-V  Based  Electronics 

Loi  D.  Nguyen 

Hughes  Research  Laboratories 
301 1  Malibu  Canyon  Road,  Malibu,  CA  90265,  USA 


1.  ABSTRACT 

Deep  submicron  III-V  based  electronics  is  an  enabling  technology  for  many  modem 
microwave  and  mdlimeterwave  systems  such  as  direct  broadcast  satellite  (DBS),  wireless 
commimications,  weapons,  and  future  automotive  electronics.  In  this  talk,  I  will  review  its 
present  status  and  offer  suggestions  for  future  work. 

2.  INTRODUCTION 

Deep  submicron  m-V  based  electronics  is  an  indispensable  part  of  the  modem  society. 
FETs,  HEMTs,  and  MMICs  with  gate  length  between  0.10  and  0.25  pm  are  being  mass 
produced  for  a  wide  range  of  systems,  from  a  low-cost  DBS  receiver  to  the  most  advanced 
microwave  and  mUlimeterwave  systems  such  as  missile  seekers,  phased-array  radar,  and 
satellite  communications  payloads  [1-8].  Today,  the  largest  market  for  deep  submicron 
devices  is  DBS.  In  the  near  future,  their  largest  markets  will  most  likely  be  mniimeterwave 
commimications  and  automotive  electronics  [9-10].  Table  1  lists  the  frequency  bands  of 
operation,  technology,  and  volume  requirements  of  these  major  systems. 


SYSTEM 

FREQUENCY 
BAND  (GHz) 

TECHNOLOGY 

VOLUME 

DBS  receivers 

C,  Ku 

0.15  pm 

High 

Radar 

X 

0.25  |im 

Moderate  to  High 

Missile  Seekers 

Ku,  Ka,  W 

0.1  -  0.25  pm 

Moderate 

Space-based 

Communications 

L,  S,  C.  Ku,  Ka,  Q,  V 

0.10  -  0.25  pm 

Low 

Ground  Stations 

L,  S,  C,  Ku,  Ka,  Q 

0.10  -  0.25  pm 

High 

Wireless 

Communications 

K,  Ka,  V 

0.10  -  0.25  pm 

High 

Automotive 

W 

0.10  -  0.25  pm 

High 

Table  1.  Major  systems  that  employ  deep  submicron  III-V  electronics. 
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3.  SCALING  LAWS 


The  scaling  laws  of  deep  submicron  HEMTs  is  now  well  understood.  For  high 
performance  HEMTs,  the  aspect  ratio  (i.e.,  gatelength  over  gate  to  channel  separation) 
must  be  greater  than  5.  Then  it  is  a  matter  of  proportionally  reducing  the  parasitic 
capacitances  and  resistances  [11].  Simple  procedures  for  designing  deep  submicron 
HEMTs  are  given  in  Figs.  1(a)  and  (b)  below. 
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Fig.  1.  Designing  deep  submicron  HEMTs:  (a)  analytical  and  (b)  trial  and  error. 

The  above  analytical  method  can  be  implemented  with  a  simple  spreadsheet  program 
[4].  For  a  given  gatelength,  the  key  is  to  design  a  HEMT  with  a  sufficiently  high 
transconductance  (gm)  to  overcome  the  parasitic  effects.  Figure  2  illustrates  the  dependence 
of  fx  on  gm  for  deep  submicron  InP  HEMTs,  which  highlights  the  important  role  of  gm  at 
the  shortest  gatelengths.  While  a  0.25-|i.m  HEMT  only  needs  a  gm  of  600  mS/mm,  a 
0.05-|im  device  will  require  a  gm  in  excess  of  1500  mS/mm  to  overcome  its  parasitic 
effects. 
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Fig.  2.  Dependence  of  fx  on  g„  for  deep  submicron  InP  HEMTs. 
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4.  EMERGING  TECHNOLOGIES 


The  push  for  the  next  generation  of  ultrahigh  speed  HEMTs  began  in  1989.  This  time 
the  goal  is  to  develop  a  0.05-|j,m  HEMT  technology  with  significantly  higher  cutoff 
frequencies  (fp,  f^  >300  Ghz).  This  task  is  rather  challenging,  considering  that  at 
0.05-|im  gatelength,  the  HEMT’s  active  layer  (Schottky,  spacer,  and  effective  channel) 
must  be  kept  under  100- A  thick  to  maintain  an  aspect  ratio  of  5. 

In  1992,  the  Hughes  Research  Laboratories  reported  a  successful  demonstration  of 
both  lattice-matched  and  pseudomorphic  0.05-p.m  InP  HEMTs  with  extrinsic  fj.  over 
300  Ghz  (the  best  devices  exhibited  an  fj.  as  high  as  340).  In  1994,  the  Nippon  Telegraph 
and  Telephone  Laboratories  (NTT)  also  achieved  comparable  results  using  a  dielectric 
sidewall  and  non-alloyed  ohmic  contact  process  [5].  This  approach  is  very  promising  and 
could  potentially  lead  to  a  manufacturable  0.05-)im  HEMT  technology.  Table  2  summarizes 
the  results  from  both  efforts. 


Parameter 

Scaled 

Model 

Hughes 

NTT 

Unit 

1.0 

0.8 

0.7* 

pF/mm 

9m 

2000 

1700 

1280 

mS/mm 

Rs 

0.1 

0.1 

0.1 

Q*mm 

9ds 

60 

260 

n/a 

mS/mm 

fT 

400 

340 

300 

GHz 

^max 

800 

250 

235 

GHz 

*  Estimated  from  fj  and  values 


Table  2.  Summary  of  Hughes’  and  NTT’s  0.05-|i.m  InP  HEMTs 

These  0.05-|j,m  HEMTs,  despite  their  impressive  g^  and  fj.,  are  not  quite  properly 
scaled.  Both  suffer  from  a  high  rf  output  conductance,  which  degrades  the  In  the 
Hughes’  case,  the  high  output  conductance  was  a  result  of  a  comfruiation  of  low  aspect 
ratio  (3)  and  self-aligned  gate.  Future  work  must  concentrate  on  the  reduction  of  the  rf 
output  conductance  and  improve  the  f^,  while  maintaining  a  high  fj. 

Future  0.05 -|i,m  HEMTs  could  potentially  benefit  from  new  material  systems  or  novel 
bandgap  engineering.  The  AlSb/InAs  is  an  interesting  possibility,  offering  high  conduction 
band  offset  and  mobility.  Its  present  drawback  is  the  premature  impact  ionization  in  the 
narrow-band  InAs  channel,  which  may  preclude  its  use  as  a  room-temperature  device.  The 
University  of  Cahfomia  at  Santa  Barbara  (UCSB)  is  a  widely-recognized  leader  in  this 
area,  with  extensive  research  activities  ranging  from  material  growth,  transport  properties, 
and  HEMT  fabrication  [12].  Another  possibility  is  the  InGaAs/InP  composite  channel 
pioneered  by  NTT  Laboratories,  which  exploits  the  high  mobility  of  InGaAs  at  low  electric 
fields  and  the  high  velocity  of  InP  at  high  electric  fields  [13] 

5.  SUMMARY 

Deep  submicron  IH-V  based  electronics  is  an  enabling  technology  for  many  modem 
microwave  and  millimeterwave  systems  such  as  DBS,  wireless  communications,  weapons, 
and  future  automotive  electronics.  The  scaling  laws  of  deep  submicron  HEMTs  is  well 
understood,  and  have  been  successfully  apphed  to  develop  high-performance,  production 
0.1 -|im  HEMTs  and  MMICs.  Current  research  activities  in  this  area  are  focusing  on 
0.05-|im  HEMT  technology  as  well  as  new  material  systems  or  novel  bandgap  engineering 
approaches.  These  efforts  hopefully  will  produce  Ae  next  generation  of  for  ultrahigh 
performance  systems  such  as  high-speed  optical  communications  and  ultralow-noise 
cryogenic  receivers. 
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Stephen  R.  Forrest 
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Princeton,  NJ  08544 

Abstract 

Numerous,  exciting  advances  have  been  made  in  recent  years  which  suggest  that 
crystalline  organic  materials  are  now  becoming  practical  for  use  in  photonic  device 
applications.  Among  the  most  noteworthy  findings  are: 

1.  Demonstration  of  "quasi-epitaxial"  film  growth,  where  highly  ordered  thin  films  of 
van  der  Waals-bonded  molecular  solids  can  be  achieved  using  the  ultrahigh  vacuum 
process  of  organic  molecular  beam  deposition  (OMBD)  largely  independent  of  the  need 
for  lattice  matching  between  the  film  and  the  substrate.  This  observation  has  led  to  the 
realization  of  low  defect  density  heteojunctions  consisting  of  material  combinations  with 
widely  different  crystal  structures. 

2.  Demonstration  of  organic  multiple  quantum  well  structures  by  OMBD  growth  which 
show  the  effects  of  quantum  confinement  of  excitons.  These  extremely  interesting 
structures  share  properties  common  to  both  insulators  and  semiconductors,  suggesting 
that  new  and  useful  physical  phenomena  are  now  accessible  using  such  structures. 

3.  Demonstration  of  high  luminance  organic  light  emitting  devices  consisting  of 
heterojunctions  of  two  different  organic  molecular  solids.  These  devices  emit  with  high 
quantum  efficiency  in  the  red,  green  and  blue  spectral  regions,  and  have  promise  for  a 
wide  range  of  display  applications. 

4.  Demonstration  of  the  integration  of  several  different  organic  optical  devices  with 
inorganic  semiconductor  devices  such  as  Si,  GaAs  and  InP.  These  include 
organic/inorganic  heterojunction  detectors,  organic  waveguide-coupled  detectors, 
couplers,  and  modulators.  This  broad  and  growing  family  of  devices  is  based  on  highly 
stable,  and  ordered  thin  organic  films  which  extend  the  current  range  of  properties 
accessible  to  conventional  semiconductor  devices. 

5.  The  recent  demonstration  of  an  entire  new  means  of  growth  of  organic  thin  films: 
organic  vapor  phase  deposition  (OVPD).  This  technique  has  been  used  to  grow  thin  films 
of  non-centrosymmetric  organic  salts  with  extremely  large  electro-optic  coefficients. 
Such  thin  films  have  not  previously  been  demonstrated,  although  their  potential 
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usefulness  in  optical  modulators  has  long  been  a  "holy  grail"  of  organic  device 
technology. 

In  this  talk,  I  will  discuss  some  of  these  major  advances  in  the  field  of  organic  molecular 
thin  films  grown  by  OVPD  and  OMBD  in  recent  years.  This  work  will  be  placed  in  the 
context  of  the  larger  family  of  organic  thin  films  with  potential  use  in  photonic  devices, 
including  polymeric  devices  and  Langmuir-Blodgett  thin  films.  The  prospects  for  the 
application  of  molecular  organics  in  practical  photonic  devices  will  also  be  considered. 
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Bine-Green  Semicondnctor  Lasers 


Arto  V.  Nnnnikko  and  ILL.  Grmslior* 
Division  of  Si^eering  and  Department  of  Pl^cs 
Brown  University,  Providence  RI 02912,  USA 


Abstract 


Compact  bine  and  green  semicondnctor  lasers  will  impact  significantly  on  such 
technolo^es  as  optical  storage  and  di^lays.  There  are  both  fundamental  physical 
practical  material  science  reasons  why  wide  bandg^  semiconductors,  bodi  of  the  H-VI  and 
m-V  variety,  have  been  most  dnsrve  in  light  CTnTtriTi£  device  applications  -  until  recently. 
Today  one  can  find  laboratory  demonstrations  of  contmnons  wave  blue-green  ZnSe-bas^ 
quantum  well  diode  lasers  at  several  research  facilities  and  a  GaN-based  blue  LED  is  a 
commercial  reality.  Much  of  this  i;^dly  paced  progress  in  short  wavdength  li^t  sources 
oiignates  firom  significant  advances  reached  in  material  synthesis  by  advanced  epitaxies, 
together  with  msi^t  and  exploitation  of  semiconductor  physics  in  nanoscale  optoelectronic 
device  designs. 

hi  this  presentation  we  review  key  features  of  the  blue-green  diode  lasers  which  are 
based  on  U-Wl  semiconductor  heterostructure  configurations.  The  design  and  performance 
of  a  cw  laser  is  discussed  in  terms  of  key  issues  such  as  the  impact  of  a  quantum  well  layer 
(<100  A)  ou  the  physics  of  optical  gain  and  the  use  of  ‘bandstructure  engineering’  conc^ts 
to  implement  a  lowresistoce  dectncal  contacting  scheme.  In  spite  of  die  high  degree  of 
average  ciystallme  perfection,  specific  forms  of  crystalline  defects  are  seen  as  a  major  source 
of  present  device  d^radalion  and  fmpedi  ment  to  longevity^  however,  dgnificant  progress  in 
fins  area  is  beii^  made.  Current  research  is  also  focusing  on  blue-green  vertical  cavity  lasers 
where  photonic  nanostructures  can  be  designed  to  enhance  the  interacrion  between  the 
electronic  states  in  the  qnantom  wells  (exdtons)  and  the  optical  fidd.  Recent  work  has  led 
to  the  demonstration  of  excqjtionally  large  coherent  coupling  effects  in  such  microcavity 

configurations  while  providing  a  demonstration  for  a  vertical  cavity  laser  at  room 
temperature. 
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r.  J.  Shqff^ner 

Texas  Instruments,  Incorporated 
DaUas,TX  75265 


INTRODUCTION 

Material  and  device  characterization  serves  the  essential  role  of  defining  how  a 
manufactured  integrated  circuit  differs  fi:om  its  intended  design  and  functionality.  Over  the 
years,  a  variety  of  techniques  based  on  probes  of  electrons,  ions  and  X-rays  have  evolved 
to  fiU  this  need.  Each  has  a  specialized  application  for  resolving  specific  manufacturing 
problems  related  to  smaller  geometry,  material  impurities  and  silicon  crystal  defects. 

The  acclaimed  Semiconductor  Industry  Association  (SIA)  road  map  affirms  the 
customary  semilogarithmic  projection  of  gate  length  reduction  with  each  new  DRAM 
technology  node  (1).  Downswing  is  the  most  fi:equently  cited  driving  force  for  smaller 
analytical  probes,  but  it  is  evident  from  Figure  1  that  similar  trends  with  contamination, 
metal  unpurities  and  point  defects  are  expected  to  be  forces  of  equal,  if  not  greater 
magnitude  in  the  near  future.  Others  agree,  citing  that  microcontamination  and  particle 
control  tools  wiU  drive  the  infrastmcture  of  our  industry  (2,3).  In  this  review,  we  iUustrate 
how  key  characterization  techniques  are  evolving  in  response  to  demands  for  smaller 
geometry  and  reduced  levels  of  contamination  and  defects.  The  reader  is  also  referred  to  a 
sampling  of  fine  books  and  articles  covering  semiconductor  characterization  (4-6). 

SHRINKING  GEOMETRY 

Dunng  the  past  two  decades,  the  scanning  electron  microscope  (SEM)  displaced 
optical  rdcroscopy  as  the  tool  of  choice  for  critical  dimension  measurements  and  circuit 
failure  diagnostics.  However,  we  know  today  that  even  the  SEM  is  unable  to  provide 
quantification  of  linewidths  near  0.5  ^im,  when  10%  or  better  tolerance  is  routinely 
reqimed.  As  with  optical  microscopy,  the  procedure  relies  on  techniques  of  matching  an 
^eal  step  function  to  a  fi^y  intensity  profile  across  the  edge.  The  ambiguity  originates 
fi:om  the  diffraction  limit  in  optical  microscopy,  and  electron  scattering  in  the  SEM  and 
only  marginal  improvements  with  these  appear  likely  in  the  near  future.  A  similar  difficulty 

m  defining  dimensions  of  ultra-shallow  junctions  less  than  100  nm  deep  is  also  receiving 
mcreased  attention  (7).  ^ 

Scanning  probe  microscope  (SPM)  techniques  are  being  extensively  tested  for 
metrology  applications,  but  offer  different  challenges  for  achieving  robust  piezo¬ 
manipulators  with  reproducible  Unearity,  and  for  deconvolving  the  effects  of  shape  and 
atomc  scale  protrusions  on  each  individual  tip  (8,9).  We  can  anticipate  rapid  advances  in 
probe  methodologies,  but  today  engineers  still  rely  on  transmission  electron  microscopy 
(TEM)  as  the  absolute  reference  for  nanometer  quantifications . 
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Figure  1.  The  SIA  road  map  for  high  density  DRAMs  defines  challenges  for  materials  and 
device  characterization.  The  vertical  axis  is  the  ratio  of  each  metric  (identified  by  a  box) 
relative  to  today’s  performance.  Downward  slopes  denote  reduction  in  the  metric  as  a 
function  of  technology  node  (1). 

The  difficulty  in  preparing  samples  for  TEM  is  well  known,  particularly  for  dense 
integrated  circuits  where  a  specific  site  failure  has  occurred.  It  was  believed  for  years  that 
preparing  a  thinned  section  through  a  single  faulty  bit  in  a  megabit  DRAM  was 
impractical,  if  not  impossible  to  achieve.  Early  progress  with  this  problem  was  reported  in 
1989  by  Benedict  et  al.  (10),  who  developed  an  ingenious  tripod  tool  that  permits  precise 
control  of  repetitive  polishing  and  inspection.  More  recently,  focused  ion  beam  (FIB) 
columns  have  been  developed  capable  of  carving  precise  free  standing  films  as  thin  as  100 
nm  at  any  orientation  and  position  within  the  volume  of  an  integrated  ckcuiL 

IMPURITIES  AND  DEFECTS 

iMthough  electron  microscopes  provide  insight  into  nanostmctural  problems,  they 
remain  unable  to  identify  chemical  species  at  the  single  atom  level.  Scanning  probe 
techniques  are  at  the  threshold  of  achieving  this,  but  current  demonstrations  based  on 
single  molecule  unaging  (11),  photoluminescence  (12),  and  Raman  spectroscopies  need  to 
mature  considerably  before  routine  applications  are  possible.  Today,  secondary  ion  mass 
spectrometry  (SIMS)  still  offers  the  best  compromise  between  small  spot  analysis  and 
elemental  sensitivity  for  broad  semiconductor  applications. 

Modem  magnetic  sector  and  quadmpole  SIMS  instruments  achieve  0.8  |im  spatial 
resolution  with  sub-parts-per-miUion-atontic  (ppma)  sensitivity  for  most  elements.  Sputter 
liberated  molecular  species  which  have  a  similar  charge-to-mass  ratio,  like  ^°SiH  and 
or  Fe  and  Sh,  can  be  resolved  in  a  high  mass  resolution  mode,  but  only  with  significant 
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sacrifice  in  sensWvity.  New  techniques  are  evolving  to  address  this  molecule  interference 
problem,  including  accelerator  mass  spectrometry  (AMS),  laser  assisted  SIMS,  and  time- 
of-flight  SIMS. 


Thin  film  compositional  analysis  without  standards  is  a  recognized  strength  of 
Rutherford  backscattering,  but  perhaps  less  appreciated,  is  the  exceptional  sensitivity  to 
monolayer  impurities  and  surface  defects  (13).  For  elements  fi:om  Cl  to  Pb  on  Si,  a 
monolayer  or  less  results  in  a  peak  with  excellent  signal-to-noise  that  is  isolated  from 
matrix  backscattering.  Typically,  a  He  projectile  is  applied  at  2-3  MeV,  but  further 
improvement  in  cross  section  and  elemental  sensitivity  is  possible  using  a  heavier  ion 
accelerated  at  lower  energy.  This  is  incentive  for  the  heavy  ion  backscattering 
spectroscopy  technique  (HIBS)  which  is  under  development  primarily  at  Sandia  National 
Laboratory  (14),  who  use  400  keV  for  a  1,000X  enhancement  Others  are  using  200 
keV  He  to  improve  depth  resolution  (~1  nm)  in  quantitative  profiles  of  ultra-thin 
oxymMde  capacitor  dielectric  films.  These  techniques  promise  to  extend  applicability  to 
impurities  Md  stoichiometry  of  ultra-thin  films  beyond  capabilities  presently  realized  by 
total  reflection  X-ray  fluorescence  (TXRF)  instruments,  which  are  in  common  use  in  most 
wafer  fabs  today. 


Microdefects  in  present-day  silicon  are  sparsely  distributed  and  extremely  small, 
typically  being  several  to  hundreds  of  nanometers  across.  It  is  difficult  to  even  locate  these 
by  conventional  microprobe  techniques,  and  weak  signals  fi-om  such  smaU  points  add  to 
the  analysis  dilemma.  Methods  of  X-ray  diffiraction  and  topography  circumvent  these 
problems,  because  they  sense  minute  strain  fields  that  extend  far  beyond  the  defect  center, 
and  also  simultaneously  detect  hundreds  or  thousands  that  are  distributed  throughout  a 
large  sampling  volume.  Techmques  in  common  use  in  the  semiconductor  industry  inHiide 
Berg-Barrett,  double  and  triple  crystal  topographies,  and  low  angle  X-ray  reflectometry. 

PERSPECTIVE 

The  Semiconductor  Industry  Association  road  map  stresses  the  importance  of  point 
defects,  metal  impurities  and  organic  contamination  in  future  manufacturing.  This  is  not  to 
diminish  tiie  significance  of  single  particles,  but  if  in  fact  manufacturing  needs  evolve  as 
outlined  m  Figure  1,  characterization  specialists  need  to  commit  equal  if  not  more 
resources  to  the  development  and  application  of  such  characterization  tools.  The 
Sematech  consortium  centered  in  Austin,  Texas  has  responded  to  the  chaUenge  with  an 
analytical  equipment  road  map  that  defines  how  resources  might  be  best  allocated  in 
addressing  the  buildup  of  such  an  infrastructure  (15). 

Road  maps  exenplify  our  evolutionary  approach  to  characterization  tools,  because  it 
is  difficult  to  forecast  with  any  accuracy  which  new  science  and  techniques  wiU  surprise  us 
in  the  near  future.  As  much  as  we  would  tike  to  deliberately  invent  new  ways  to  achieve 
ULSI  characterization  goals,  they  are  more  likely  to  spring  from  the  combination  or 
revitalization  of  older  technologies,  sometimes  in  unrelated  fields.  This  random  appearance 
of  new  techniques  is  why  cutting  edge  characterization  organizations  seek  to  function  as  a 
collection  center  for  new  ideas,  inventions  and  measurement  science  and  technology.  The 
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buildup  of  such  infrastructure,  and  the  merging  of  disciplines  provides  fertile  ground  for 
this  revolutionary  aspect  of  technique  advancement 

One  typically  predicts  where  we  will  be  five  or  ten  years  from  now,  based  on 
extrapolation  of  known  technology  and  historic  trends.  We  might  only  guess  which 
evolutionary  and  revolutionary  changes  to  expect  but  it  is  known  that  characterization 
technology  provides  a  technical  foundation  for  the  fabrication  tools  of  tomorrow.  In  our 
daily  activities,  we  must  continue  to  weigh  the  strengths  and  weaknesses  of 
characterization  techniques  not  only  for  the  problem  at  hand,  but  also  with  an  eye  toward 
the  future  engineering  and  scientific  foundations  of  the  semiconductor  industry. 

REFERENCES 

1.  The  National  Technology  Roadmap  for  Semiconductors,  The  Semiconductor  Industry 
Association,  San  Jose,  CA,  1994. 

2.  G.  Larrabee  and  P.  Chatteijee,  “DRAM  Manufacturing  in  the  ‘90s  -  Part  2:  The  Road  Map,” 
Semiconductor  International,  May,  p.  90, 1 99 1 . 

3.  R.  McDonald,  “How  will  You  Examine  ICs  in  the  Year  2000?”,  Semiconductor  International, 
January,  p.  46, 1994. 

4.  Encyclopedia  of  Materials  Characterization:  Surfaces,  Interfaces,  Thin  Films,  Butterworth- 
Heinemann,  Boston,  (C.R.  Brundle,  C.A.  Evans,  Jr.,  and  S.  WUson,  1992. 

5.  D.K.  Schroder,  Semiconductor  Material  and  Device  Characterization,  John  Wiley  &  Sons, 
New  York,  1990. 

6.  T.J.  Shaffher,  A.C.  Diebold,  R.C.  McDonald,  D.G.  Seiler,  and  W.M.  BuUis,  “Business  and 
Manufacturing  Motivations  for  the  Development  of  Analytical  Technology  and  Metrology  for 
Senticonductors,”  Proceedings  of  the  International  Workshop  on  Semiconductor  Characterization 
(D.G.  Seiler,  ed.),  American  Institute  of  Physics,  New  York,  1995,  in  press. 

7.  R.  Subrahmanyan  and  M.  Duane,  “Issues  in  Two-Dimensional  Dopant  Profiling/’  Diagnostic 
Techniques  for  Semiconductor  Materials  and  Devices  (D.K.  Schroder,  J.L.  Benton,  and  P.  Rai- 
Choudhury,  eds.)  vol.  94-33,  The  Electrochemical  Society,  Pennington,  NJ,  p.  65, 1994. 

8.  H.  Marchman,  “Critical  Dimensional  Measurements:  Test  Stmctures,  Metrology  Instrument 
Correlations,  and  Calibration  Techniques,”  NIST  Workshop  on  Industrial  Applications  of  Scarmed 
Probe  Microscopy,  Gaithersburg,  MD,  p.  35, 1994. 

9.  P.  Burggraaf,  Thin  Film  Metrology:  Headed  for  a  New  Plateau,”  Semiconductor  International 
March,  p.  56, 1994. 

10.  J.P.  Benedict,  S.J.  Klepeis,  W.G.  Vandygrift,  and  R.  Anderson,  “A  Method  for  Precision 
Specimen  Preparation  for  Both  SEM  and  TEM  Analysis,”  EMSA  Bulletin,  19(2),  p.  74, 1989. 

11.  E.  Betzig  and  R.J.  Chichester,  “Single  Molecules  Observed  by  Near-Field  Scanning  Optical 
Microscopy,”  Science,  262,  p.  422, 1993. 

12.  H.F.  Hess,  E.  Betzig,  T.D.  Harris,  L.N.  Pfeiffer,  and  K.W.  West,  “Near-Field  Spectroscopy  of 
the  Quantum  Constiments  of  a  Luminescence  System,”  Science,  264,  p.  1740, 1994. 

13.  J.A.  Keenan,  “Backscattering  Spectroscopy  for  Semiconductor  Materials,”  Diagnostic 
Techniques  for  Semiconductor  Materials  and  Devices  (T.J.  Shaffoer  and  D.K.  Schroder,  eds.), 
vol.  88-20,  The  Electrochemical  Society,  Pennington,  NJ,  p.  15, 1988. 

14.  J.A.  Knapp  and  J.C.  Banks,  “Heavy  Ion  Backscattering  Spectrometry  for  High  Sensitivity,” 
Nuc.  Instrum.  Meth.,  vol.  B79,  p.  457, 1993. 

15.  .^C.  Diebold,  “Metrology  Roadmap:  A  Supplement  to  the  National  Technology  Roadmap  for 
Semiconductors,”  SEMATECH  Technology  Transfer  Document  #94102578  A-TR,  1994. 


12 


Student  paper 

Effects  of  Gate  Doping  Species,  Concentration  and  Microstructure  on  the 
Electrical  and  Reliability  Characteristics  of  Ultrathin  Oxides  and 

N20-oxynitrides 


Kafm  Lai,  Anthony  Chou,  Kiran  Kumar,  Mark  Gardner*,  Jim  Fulford*,  Jack  C.  Lee 
Microelectronic  Research  Center,  Rm  2.604C,  The  University  of  Texas  at  Austin, 

Austin  TX  78712 

*Advanced  Micro  Devices,  5204  East  Ben  White  Blvd.,  Austin  TX  78741 

(512)  471-1627 


Dual-gate  CMOS  process  has  attracted  a  great  deal  of  attention  because  of  the 
improved  device  characteristics  from  surface  channel  PMOSFETs  and  independent 
optimization  of  NMOS  and  PMOS  FETs.  Various  implant  species  such  as  P,  As,  B  and 
BF2  have  been  used  for  gate  doping.  However,  the  use  of  boron  for  P+  doped  gate 
introduces  a  boron  penetration  problem  [1]  and  the  corresponding  oxide  degradation.  The 
use  of  amorphous  gate  [2]  or  oxynitrides  [3]  has  been  shown  to  reduce  boron  penetration. 
For  phosphorus-doped  gate  of  NMOS  device,  it  was  reported  that  a  reduced  gate  doping 
concentration  will  significantly  improve  the  stress-induced  leakage  current  (SBLC)  [4]. 
These  results  indicate  that  the  gate  plays  an  important  role  on  MOS  characteristics. 
However,  detailed  understanding  of  the  effects  of  various  process  parameters,  which  is 
irnportant  for  process  optimization,  has  not  been  fully  develojied.  Therefore,  the  purpose  of 
this  study  is  to  investigate  in  detail  how  gate  dopant  species,  doping  concentration,  and  gate 
microstructure  affect  the  electrical  and  reliability  characteristics  of  both  N-  and  P-MOS 
structures  with  ultrathin  oxides  and  N2O  oxynitrides  (62A). 

MOS  capacitors  with  ~62A  02-thermal  oxides  and  N20-oxynitrides  were  fabricated 
on  p-type  (100)  substrates.  The  gate  material  deposited  was  either  poly  silicon  or 
amorphous  silicon,  which  was  then  implanted  with  either  P,  As  or  BF2  with  doses  of 
3xl0^4cm-2^  9xl0^'^cm‘2,  3xl0l^cm"2,  or  3xl0^^cm'2.  All  wafers  were  then  patterned, 
rapid  thermal  annealed  (RTA)  at  1000°C  for  30s  for  dopant  activation  and  then  annealed  in 
forming  gas. 

The  poly  depletion  effect  was  studied  by  measuring  the  ratio  of  inversion 
capacitance  to  oxide  capacitance  for  As  and  P  samples,  and  accumulation  capacitance  to 
oxide  capacitance  for  BF2  samples  [5].  For  the  cases  of  As  and  P,  poly  depletion  is 
serious  for  gate  doping  less  than  1020cm-3  (Fig.  1).  However,  for  the  BF2  samples,  poly 
depletion  is  still  less  than  5%  at  3xl0^^cm‘2  for  the  as-deposited  amorphous  case.  Unlike 
As  and  P,  which  tend  to  segregate  into  grain  boundaries,  boron  segregates  into  the  grain 
^d  therefore  leads  to  higher  dopant  activation  and  less  gate  depletion  effect.  Furthermore, 
since  the  recrystallized  amorphous  gate  has  larger  final  grain  size,  it  shows  better  dopant 
activation  than  poly  gate,  and  thus,  less  poly  depletion  effect. 

Boron  penetration  was  studied  by  monitoring  flat  band  voltage  Vfb  (Fig.  2)  and 
with  SMS  data.  For  concentration  less  than  3xl0l9cm-3>  there  is  a  sharp  decrease  in  Vfb 
which  indicates  that  the  amount  of  boron  penetrating  to  the  Si  substrate  is  low.  This  is 
supported  by  the  SMS  data  (Fig.  3).  The  N2O  oxynitrides  show  less  Vfb  shift  because  the 
nitrogen  incorporated  in  the  Si/Si02  interface  effectively  blocks  boron  penetration  (Fig.  4). 
Amorphous  gate  is  more  effective  than  poly  gate  in  retarding  B  diffusion  within  the  gate 
thus  shows  less  boron  penetration  (Fig.  4). 

Charge-to-breakdown  (Qbd)  value  is  obtained  by  applying  constant  current  stress  at 
both  positive  and  negative  polarities.  For  both  As  and  P  samples,  there  is  no  dependence 
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on  doping  level  up  to  lO^Ocm'^  for  the  gate  injection  case  (-Jstress)>  but  Qbd  increases 

dramatically  for  concentration  exceeding  lO^lcm*^  for  the  substrate  injection  (Fig.5.)  It  is 
believed  that  this  is  due  to  some  stress  reduction  effect  on  oxide  resulting  from  the  dopant 
pileup  at  the  poly/oxide  interface  for  polysilicon  heavily  doped  with  As  and  P  [6],  while  in 
the  gate  injection  case,  Qbd  is  limited  by  the  high  impurity  incorporation  at  the  oxide/gate 
interface  instead.  Note  that  N2O  samples  exhibit  higher  Qbd  in  both  polarities.  For  BF2 
samples,  gate  injection  shows  a  dramatic  two  orders  of  magnitude  decrease  in  the  50%  Qbd 
value  when  gate  doping  exceeds  SxlQi^cm'^,  indicating  a  high  concentration  of  B  near  the 
poly/oxide  interface  (Fig.  6).  However,  for  the  substrate  injection  Qbd  docs  not  change 
much  with  gate  doping,  indicating  that  B  concentration  near  the  oxide/substrate  interface  is 
not  limiting  the  Qbd  value  (Fig.  7).  Also,  N2O  oxides  show  the  greatest  improvement  in 
the  substrate  injection  case  in  comparison  to  the  gate  injection  case  since  the  nitrogen  pileup 
is  primarily  at  the  silicon  interface  (Fig.  6, 7). 

The  SILC  is  defined  as  the  increase  of  the  leakage  current  at  6MV/cm  after  the 
device  is  stressed  (either  +Vg  or  -Vg).  Contrary  to  ref.  [4],  it  was  found  that  for  both  As 
(Fig.  8)  and  P  samples  (Fig.  9, 10),  SELC  is  quite  insensitive  to  gate  doping  for  both  stress 
polarities.  It  is  because  As  and  P  do  not  segregate  much  into  oxide  and  thus  do  not  affect 
oxide  quality.  The  effect  of  dopant  enhanced  grain  growth,  as  seen  in  Qbd  measurement, 
was  not  observed  in  SILC.  For  BF2  samples,  the  SILC  decreases  significantly  for  gate 
doping  below  lO^dcm'^  for  negative  stress  (Fig.  11),  correlating  with  the  reduction  in 
boron  penetration  for  low  doping.  For  positive  stress,  SILC  does  not  show  much  doping 
concentration  dependence  (Fig.  12).  Thus  can  also  be  explained  by  the  fact  that  the  boron 
level  is  lower  in  the  substrate  interface  and  is  not  a  limiting  factor  for  trap  generation  by 
positive  stress.  For  all  cases,  the  N2O  samples  show  at  least  an  order  of  magnitude 
decrease  in  SILC  (Fig.  8-12)  because  of  the  reduced  trap  generation  in  oxynitrides. 

In  conclusion,  MOS  characteristics  such  as  Vfb  and  poly  depletion  as  well  as  oxide 
integrity  (Qbd  and  SILC)  are  strongly  affected  by  gate  processing.  Optimization  for  BF2 
samples  is  quite  different  from  As  and  P  samples.  For  BF2  samples,  a  gate  doping 
concentration  of  about  SxlO^^cm'^  and  the  use  of  amorphous  gate  and  N2O  oxides  appear 
to  be  an  optimum  point  as  a  tradeoff  between  boron  penetration  and  poly  depletion  (Fig. 
13).  For  As  and  P  samples,  oxide  quality  does  not  degrade  for  higher  dopant  concentration 

and  A  Vfb  is  insignificant.  Thus  a  degenerate  gate  doping  is  preferred  to  eliminate  poly 
depletion  (Fig.  14).  Finally,  N2O  oxynitrides  show  better  oxide  integrity  and  also  more 
effective  boron  retardation,  and  thus  are  desirable  for  ultrathin  oxide  applications.  [This 
work  is  partially  supported  by  SRC/Sematech  through  contract  #  93-MC-505] 
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Percent  Boron  concentration  (cnr^) 


Sample 

Fig.  I  Poly  depletion  effects  for  samples  with  gate  doses 
from  3xl0^^cm'3  to  lO^^cm'^.  C^ax  represents  Cgcc  for  BF2 
samples  and  Qnv  for  As  and  P  samples. 


Fig. 2  Flatband  voltage  of  BF2  samples  with  different 
gate  doping  concentrations. 
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Fig.3  Boron  profiles  of  BF2  samples  with  different  gate 
dosages.  The  samples  are  fabricated  with  amorphous  gate 
and  N2O  oxides. 
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Fig.  4.  Boron  profiles  of  BF2  samples  showing  the  comparison 
between  N2O  and  O2  oxides,  and  l^tween  amorphous  gate  and 
polystlicon  gate. 


Fig.  5.  distributions  of  As  samples  with  amorphous 
gate  under  both  stress  current  polarities. 


Gate  doping  (cm"^) 

Fig.  6.  The  dependence  of  the  50%  value  on  BF2  gate 
doping  level  under  gate  injection. 
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50%  Qbd  (Ocm2) 


Fig.  7  The  dependence  of  the  50% 
Qbd  value  on  the  BF2  gate  doping 
level  under  substrate  injection. 
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Fig.  8  Typical  IV  characteristics  of  As 


samples  after  different  Huences  of 
constant  current  stress. 
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Fig.  9  Dependence  of  SILC  at  -6MV/cm 
on  P  gate  doping  level  under  substrate 
injection 
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Fig.  1 2  SILC  at  -6M V/cm  versus 
BF2  gate  doping  level  under  substrate 
injection. 


Fig.  13  Optimization  of  gate  doping  in  terms  of  poly 
depletion, Qbd,  and  SILC  for  BF2  samples. 
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Gate  doping  (cni-3) 

Fig.  14  Optimisation  of  gate  doping  in  terms  of  poly 
depletion,  Qbd,  and  SILC  for  As  samples. 
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Focused  ion  beam  (FIB)  systems  have  been  used  for  some  time  by  the  microcircuit  engineering  community  for 
prototype  modification  and  process  analysis.  However  FIB  workstations  now  have  the  capabilities  to  take  on 
much  wider  roles,  many  of  which  are  relevant  to  device  characterisation  and  which  are  discussed  herewith.  One 
of  the  most  pertinent  features  of  recent  FIB  workstations  is  the  sub  lOnm  spot  size  routinely  achievable,  whereas 
3  years  ago  50nm  was  state  of  the  art.  Even  at  the  highest  millilig  cuircnts,.  sub-micron  spot  sizes  are  expected. 
FIB  can  be  used  to  rapidly  and  efficiently  give  a  SSSSSSCS  ' 

detailed  image  of  the  structure  of  a  device.  '  \  - 


Conventionally,  FIB  has  been  used  to  view  the 
multi-layer  metallization  and  insulator  above  the 
silicon  in  an  integrated  circuit.  While  this  is  seen  as 
essential  information  in  the  micro-electronics 
industry,  device  physicists  are  more  interested  in 
the  structure  of  devices  within  the  semiconductor 
itself  While  this  is  not  possible  as  yet  in 
homojunction  devices,  heterostructures  in  III-V  and 
II-VI  materials  are  easily  imaged  in  FIB  systems. 
An  example  of  analysis  of  this  type  is  the  VCSEL 
lasers  (figure  1). 

Another  area  of  device  analysis  particularly 
amenable  to  FIB  is  the  sectioning  of  airbridge 
structures  used  in  high  frequency  applications. 
Conventional  grinding  and  polishing  techniques 
often  destroy  the  delicate  bridge  structures  during 
preparation  because  of  the  mechanical  forces  used. 
FIB  can  quickly  and  safely  section  the  structures,  in 
exactly  the  right  place,  and  then  image  the  section 
for  analysis  (figure  2). 


Figure  1.  VCSEL  laser  cross  sectioned  and  imaged 


by  FIB. 


Figure  2.  Cross  section  of  airbridge  HEMT  structure,  showing  source,  gate  and  drain.  Note  die  ciiaiuicling 
contrast  in  the  metal  contacts  and  the  airbridge. 


Transmission  electron  microscopy  (TEM)  provides,  for  many,  the  ultimate  analytical  tool  because  of  the  high 
resolution  and  the  breadth  of  analytical  techniques  available.  Sample  preparation  can  often  be  difficult  because 
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ABSTRACT 

The  ability  to  grow  buried  high  quality,  epitaxial  metallic  or  semi-metallic  layers  on 
semiconductors  has  many  potential  applications  for  novel  device  structures.  The  growth  of  such 
structures  on  GaAs  is  difficult  as  the  metal/semiconductor  heterostructures  on  GaAs  reported 
to  date  are  either  thermodynamically  unstable  and  diffuse  into  GaAs  at  elevated  temperatures[l] 
or  have  relatively  large  lattice  mismatches  with  GaAs.  Also,  long-term  device  reliability  consid¬ 
erations  require  that  these  heterostructures  must  be  able  to  withstand  harsh  environments  and 
high  temperatures  for  relatively  long  periods  of  time.  One  promising  approach  is  to  select  a  high 
melting  point  elemental  metal-arsenide  or  metal-phosphide  binary  compound  that  displays  metal¬ 
lic  characteristics,  is  chemically  inert  and  also  provides  a  diffusion  barrier  to  surface  phosphorus 
evaporation  and  release.  Recently  there  has  been  significant  amount  of  interest  in  intermetallic 
and  semi  metallic  compounds  grown  on  gallium  arsenide-based  system.  Excellent  material  and 
electrical  properties  have  been  reported  for  cobalt  gallium  (CoGa)  on  both  GaAs  and  aluminum 
gallium  arsenide  (AlGaAs)[2][3],  erbium  arsenide  (ErAs)  on  GaAs[4][5],  scandium  arsenide  (ScAs) 
on  GaAs[6],  and  lutetium  arsenide  (LuAs)  on  GaAs[4].  However,  the  rare-earth  arsenide  com¬ 
pounds  studied  to  date  have  a  relatively  large  lattice-mismatch  to  GaAs  and  rapidly  oxidize  when 
exposed  to  air.  Although,  significant  amount  of  effort  has  been  directed  towards  the  study  of  rare- 
earth  arsenide  (REAs)  compounds  on  GaAs,  rare-earth  phosphide  (REP)  compounds  on  GaAs 
or  InP  have  not  been  appreciably  studied.  Thus,  there  is  a  need  to  investigate  the  growth  and 
fundamental  properties  of  rare-earth  monophosphide  binary  and  ternary  compounds  on  GaAs  and 
InP. 


In  this  work  we  report  the  electrical  and  optical  properties  of  epitaxial  dysprosium 
phosphide  (DyP)  grown  on  semi-insulating  as  well  as  doped  gallium  arsenide  (GaAs)  substrates. 
The  single  crystal  DyP  layers  were  grown  using  both  gas  source  and  solid  source  molecular  beam 
epitaxy  (MBE).  A  detailed  study  of  the  structural,  electrical  and  optical  properties  of  DyP  epilay- 
ers  will  also  be  presented.  DyP  is  lattice  matched  to  GaAs,  with  the  room  temperature  mismatch 
being  less  than  0.01%  (GaAs:5.6533  A;  DyP:5.6534  A).  Some  potential  applications  of  this  work 
include  realization  of  DyP/GaAs  metal  based  transistors  and  DyP/GaAs  heterojunction  based 
transistors  and  superlattice  structures.  Since  DyP  has  very  high  melting  point  and  is  very  stable  in 
ambient  air,  DyP  epilayers  can  also  be  exploited  as  stable  contacts  to  GaAs  for  high  temperature 
applications. 


The  single  crystal  (001)  dysprosium  phosphide  epilayers  were  grown  on  (001)  GaAs 
using  gas  source  MBE  with  tertiarybutylphosphine  (TBP)  as  phosphorus  source  and  solid  source 
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MBE  with  solid  phosphorus.  The  custom  made  MBE  chamber  was  equipped  with  a  diffusion 
pump  and  liquid  nitrogen  cooled  trap.  The  growth  temperatures  were  in  the  range  of  450  - 
550  ®C.  The  full  width  half  maximum  values  of  DyP  grown  on  GaAs  as  determined  by  double 
-crystal  X-ray  diffraction  measurements  is  typically  21  arcseconds  compared  to  12-14  arcseconds 
for  GaAs  substrate.  A  two  theta  X-ray  diffraction  scan  of  a  DyP/GaAs  sample  (Fig.l)  shows  only 
two  peaks  corresponding  to  the  (002)  and  (004)  reflections  of  DyP  and  GaAs.  The  d-spacing, 
structure  factor  and  26  values  for  the  (002)  and  (004)  planes  for  GaAs  and  DyP  are  shown  in 
Table  1.  From  Table  1,  the  approximate  intensity  ratios  for  the  (002)  to  (004)  peaks  of  GaAs  and 
DyP  are  1:138  and  4:1,  respectively.  Since  the  intensity  of  the  (002)  peak  compared  to  the  (004) 
peak  for  GaAs  is  very  weak,  the  peak  at  31.65°  in  the  XRD  pattern  indicates  that  this  is  due  to 
the  DyP  epilayer. 


Table  1:  X-ray  parameters  for  GaAs  and  DyP 


(hkl) 

20 

d(A) 

structure  factor(f) 

GaAs 

(002) 

31.6539' 

2.8266 

1.83 

GaAs 

(004) 

66.1129' 

1.4133 

21.48 

DyP 

(002) 

31.6533' 

2.8265 

42.30 

DyP 

(004) 

66.1115° 

1.4132 

21.48 

The  surface  and  interface  properties  of  DyP/GaAs  as  determined  from  scanning  electron  and 
transmission  electron  microscopy  will  also  be  presented.  Fig.  2,  3  and  4  show  typical  values  of 
resistivity,  mobility  and  carrier  concentration  of  DyP  on  semi-insulating  GaAs,  respectively,  as 
determined  by  variable  temperature  van  der  Pauw  geometry  Hall  measurements.  The  scatter 
in  Figs.  3  and  4  is  due  to  the  high  carrier  concentration  (n  «  mid  10^°  cm“^)  which  result  in 
relatively  small  Hall  voltages.  The  electrical  properties  of  DyP/GaAs  as  determined  from  current 
versus  voltage  and  capacitance  versus  voltage  measurements  will  also  be  presented. 
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Figure  1  XRD  patterns  for  a)  (001)  GaAs  and  b)  DyP  on 
(001)  GaAs 


Figure  2  Resistivity  versus  Hall  temperature  for  different 
Dy  E-cell  temperatures 
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I.  INTRODUCTION 

The  nondestructive  characterization  and  qualification  of  complex 
semiconductor  multilayer  structures  is  a  crucial  step  in  the  fabrication  of 
semiconductor  devices.  Such  nondestructive  qualification  procedures  could  have 
a  significant  impact  on  the  cost  and  yield  of  devices.  Developmental  efforts  are 
driving  device  design  toward  more  compact  structures.  This  trend  places  ever 
increasing  demands  on  device  parameters  and  hence  evaluation  procedures  in  order 
to  upgrade  performance  and  yield. 

This  talk  will  review  the  optical  techniques  of  photoluminescence, 
modulation  spectroscopy  [photoreflectance  (PR)  and  contactless  electroreflectance 
(CER)]  and  spectral  ellipsometry  which  are  are  being  used  for  semiconductor 
device  characterization.  These  methods  are  relatively  simple,  inexpensive, 
compact,  rapid  and  informative  and  also  can  be  performed  in  a  nondestructive 
manner  at  (or  even  above)  room  temperature  on  wafer-sized  samples.  Recent 
works  have  clearly  demonstrated  their  considerable  potential  and  growing 
importance  in  the  evaluation  of  devices  such  as  heterojunction  bipolar  transistors 
(HBTs),  pseudomorphic  high  electron  mobility  transistors  (PHEMTs),  quantum 
well  lasers,  vertical  cavity  surface  emitting  lasers  (VCSEL),  multiple  quantum  well 
(MQW)  infrared  detectors,  solar  cells,  etc.  [1-6]. 

PR/CER  are  particularly  useful  forms  of  modulation  spectroscopy  since  they 
not  only  produce  sharp,  derivative-like  spectra  but  also  are  sensitive  to 
surface/interface  electric  fields.  For  sufficiently  high  built-in  electric  fields  the 
PR/CER  spectrum  can  display  an  oscillatory  behavior  above  the  band  gap  called 
Franz-Keldysh  oscillations  (FKOs)  which  are  a  direct  measure  of  the  built-in 
electric  field  [1]. 

II.  APPLICATIONS 

A.  Heterojunction  Bipolar  Transistors 

It  has  been  demonstrated  that  PR/CER  [1-3]  and  SE  [3]  can  be  effective, 
nondestructive  screening  methods  for  HBT  structures.  For  example,  certain 
features  in  the  PR/CER  spectra  at  300K  from  GaAs/Ga,.,,Al,,As  HBT  structures 
have  been  correlated  with  actual  device  performance  and  hence  PR/CER  can  be 
used  as  a  tool  to  evaluate  entire  wafers  before  processing. 

Shown  in  Fig.  1  is  the  PR  spectrum  at  300K  from  the  collector  (GaAs)  and 
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emitter  (GaAlAs)  regions  for  an  MBE 
fabricated  HBT  sample.  The  band  gap 
of  GaAs  is  1 .42  eV  while  the  band  gap 
of  the  GaAlAs  portion  of  the  sample  is 
1.830  eV,  which  corresponds  to  an  A1 
composition  of  28  % . 

The  oscillatory  features  above 
the  band  gaps  are  the  FKOs.  From  the 
period  of  these  FKOs  it  is  possible  to 
directly  evaluate  the  built-in  dc  electric 

fields  in  the  GaAlAs  emitter  as 

well  as  in  the  n-GaAs  collector  region 

{Fjf).  The  deduced  values  F^“'  were 
compared  with  device  parameters  of 
fabricated  HBT  MBE  samples.  Below 
electric  field  values  of  about  2  x  10^ 

V/cm  high  current  gains  were  obtained 
while  the  current  gain  fell  markedly  at  fields  above  this  value.  These  observations 
have  made  it  possible  to  use  PR  as  a  screening  technique  to  eliminate  wafers  with 
unwanted  characteristics  before  the  costly  fabrication  step. 

B.  Pseudomorphic  High  Electron  Mobility  Transistor  Structures 

Pseudomorphic  high  electron  mobility  transistor  (PHEMT)  structures  have 
been  characterized  by  room  temperature  PL  [4],  PR/CER  [1,2]  and  SE  [5]. 
Photoluminescence  yields  information  about  the  two-dimensional  (sheet)  electron 
gas  (2DEG)  density,  built-in  field,  width  and  alloy  composition  of  the  channel  as 
well  as  the  alloy  composition  of  the 
confining  layers.  In  addition  to  these 
parameters  PR/CER  produces 
information  built-in  fields  in  other 
parts  of  the  structure  due  to  Fermi 
level  pinning,  including  the  front  cap 
layer. 

Shown  in  Fig.  2  by  the  solid 
line  is  the  300K  PL  spectrum  from  the 
InGaAs  channel  of  a  double-pulsed 
doped  GaAlAs/InGaAs/GaAlAs 
PHEMT  [4].  The  dashed  line  is  a 
least-squares  fit  to  a  quantitative 
analysis  developed  by  Brierly.  The  fit 
yields  the  values  of  three  intersubband 
transitions  as  well  as  the  Fermi  level. 


Fig.  2  300K  PL  spectrum  (solid  line)  from 
a  double-pulse  doped  PHEMT.  The  dashed 
curve  is  the  fit  to  the  model. 


Phoion  Energy  (eV) 

Fig.  1  300K  PR  spectrum  of  a 

GaAlAs/GaAs  HBT. 
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The  notation  em-hhn  denotes  a  transition  from  the  m'^  electron  to  ri''  heavy-hole 
level.^  From  this  data  it  is  possible  to  deduce  the  2DEG  as  well  as  the  width 
(100 A)  and  In  composition  924%)  of  the  channel. 

PR/CER  can  be  used  to  obtain  the  entire  potential  profiles  in  such  structures 
[1,2].  Displayed  by  the  solid  line 
in  Fig.  3  is  the  CER  spectrum 
originating  in  the  InGaAs  section 
of  a  step-doped 
GaAlAs/InGaAs/GaAs  PHEMT, 
except  for  the  feature  denoted 
Eo(GaAs)  which  corresponds  to 
the  direct  band  gap  of  GaAs  and 
originates  in  the  GaAs 
buffer/substrate.  The  trace  of 
Fig.  3  consists  of  four  peaks, 
labelled  mnH  (transition  from  the 
m'^  electron  to  n’^  heavy-hole 
level),  riding  on  a  background, 
which  is  due  to  the  thermal  tail 
of  the  Fermi  distribution 
function.  The  dashed  line  in  Fig. 

3  is  a  fit  to  a  lineshape  function 
which  is  the  derivative  of  a 
broadened  step-like  two- 
dimensional  density  of  states,  due  to  the  screening  of  the  excitons  by  the  2DEG, 
and  a  Fermi  level  filling  factor.  The  obtained  energies  of  the  mnH  transitions  are 
denoted  by  arrows.  By  comparing  these  experimental  energies  with  a  theoretical 
self-consistent  calculation  it  is  possible  to  evaluate  the  channel  width.  In 
composition  and  built-in  electric  field.  The  fit  to  the  background  yields  the  Fermi 
energy  and  hence  the  sheet  density. 

The  observed  GaAs  and  GaAlAs  signals  exhibit  FKOs  from  which 
it  is  possible  to  obtain  information  about  the  electric  fields  in  these  regions  and  the 
A1  composition. 

SE  has  been  used  to  obtain  alloy  composition  and  layer  thicknesses  on  these 
structures  [5]. 

C.  Quantum  Well  Laser  Structures 

Although  the  most  commonly  used  optical  technique  to  characterize  these 
structures  is  PL  it  has  recently  been  demonstrated  that  PR/CER  can  be  used  to 
obtain  information  about  every  relevant  portion  of  a  wide  variety  of  quantum  well 
laser  structures  including  vertical  cavity  surface  emitting  lasers  [1,2,6].  Quantum 
well  laser  structures  employ  complex  sequences  layers  where  a  few  light-emitting 
QWs  are  embedded  in  the  waveguide  [separate  confinement  heterojunction  (SCH)] 


Fig.  3  300K  CER  spectrum  (solid  line)  from  the 
InGaAs  portion  of  a  GaAlAs/InGaAs/GaAs 
PHEMT.  The  dashed  line  is  a  lineshape  fit 
yielding  the  energies  of  the  quantum  transitions 
(denoted  by  arrows)  and  the  Fermi  energy. 
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PHOTOREflECTANCE 

300K 


regions  and  enclosed  by  p-  and  n-doped  contact  layers.  In  PR/CER  signals  are 
observed  from  both  the  QW  (or  MQW)  and  SCH  regions  and  often  from  the  upper 
(generally  /?-doped)  contact 

layer.  Shown  in  Fig.  4  by  the  1.3  ,um  InGaAsP/lnP  LASER 

solid  line  is  the  300K  PR  I  ^  ^  ^ 

.  ,  _  ,1  _  Expt.  PHOTOREEIECTANCE 

spectrum  irom  a  1.3  ^m  2xio'^"  j|  iineshope  Fit  3ook 

pseudomorphic  InGaAsP/InP  |  A  I 

MQW  laser  [6].  The  signal  up  |  a 

to  about  1.1  eV  originates  in  I  |l  a 

the  MQWs.  From  the  detailed  \  y  L  ^ — -^1 1  \\f^ — ^ 

lineshape  fit,  denoted  by  the  ,  W  v  I 

crossed  line,  it  is  possible  to  L  ^ 

obtain  the  energies  of  five  1/ 

quantum  transitions,  as  ’  i  ‘‘ 

^  ^  MOW  Region  i  InGoAsP  SCH  Region  I  p-lnP  Region 

designated  by  the  arrows. 

Comparison  of  these  energies  I — i  ^  1  1, 1  1 — , - ^ - , - , - 1 

with  a  theoretical  calculation  ^  ^ 

makes  it  possible  to  completely 

characterize  the  MQWs,  i.e..  Fig.  4  300K  PR  spectrum  (solid  line)  from  a  1.3 
well  widths,  alloy  composition  pseudomorphic  InGaAsP/InP  MQW  laser.  The 
and  strain.  The  lowest  lying  crossed  line  is  a  lineshape  fit  yielding  the  energies 
feature  is  related  to  the  lasing  denoted  by  arrows, 
wavelength.  Its  energy  can 

readily  be  determined  to  better  than  +  1  nm  at  300K.  The  signals  from  both  the 
InGaAsP  SCH  and  InP  portions  exhibit  FKOs,  from  which  the  built-in  fields  can 
be  evaluated.  The  SCH  field  is  related  to  the  doping  levels  in  the  InP  regions.  Also 
the  SCH  signal  yields  the  InGaAsP  composition. 


J  MOW  Region 

I  1  t  t  t 


InGoAsP  SCH  Region  I  p-lnP  Region 


0.9  1  1.1  1.2  1.3  1.4  1.5 

Photon  Energy  (eV) 

Fig.  4  300K  PR  spectrum  (solid  line)  from  a  1.3 
jum  pseudomorphic  InGaAsP/InP  MQW  laser.  The 
crossed  line  is  a  lineshape  fit  yielding  the  energies 
denoted  by  arrows. 
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Interference  Technique  for  a-Si;H  Films  Optical  Measurements. 
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Over  the  past  two  decades,  considerable  efforts  were  made  in  order  to  find  efficient, 
reliable,  and  nondestructive  methods  for  hydrogenated  amorphous-  and  poly-silicon  film 
characterization.  The  work  has  been  motivated  by  the  many  of  applications  of  these  materials  for 
large  area  microelectronic  devices,  such  as  thin  film  transistor  arrays  for  active-matrix-liquid- 
crystal  flat  panel  display  technology,  terrestrial-based  large  area  photovoltaics  for  solar  cells  and 
linear  line-sensors. 

Optical  measurements  are  among  the  most  powerful  methods  of  materials  characterization. 
These  methods  can  be  used  for  the  fast  nondestructive  control  of  quality  of  materials  for  device 
fabrication.  The  information  gained  from  the  optical  studies  allows  one  to  determine  the  optimal 
conditions  of  materials  growth  and  film  processing.  The  absorption  spectrum  itself,  as  well  as 
the  refractive  index  spectrum,  are  important  characteristics  of  hydrogenated  amorphous  silicon 
(a-Si:H)  and  related  materials  used  for  applications  such  as  solar  cells  and  photonics.  The  optical 
absorption  spectrum  provides  information  about  the  energy  gap,  the  hydrogen  content, 
concentration  and  energy  of  localized  defect  states,  and  can  used  as  a  method  of  defect 
spectroscopy  for  electronic  states  with  energies  below  the  mobility  edge. 

This  work  introduces  a  new  interference  technique  for  determination  of  absorption 
coefficient  and  refi^ctive  index  spectra  ofa-Si:H  thin  films.  The  technique  is  based  on  computer 
analysis  of  simultaneous  transmission  and  specular  reflection  measurements  of  thin  films  on 
substrates.  The  proposed  method  is  verified  by  comparing  the  experimental  data  with  theoretical 
computations  and  with  previous  measurements  of  the  absorption  spectra.  Preliminary 
applications  of  the  new  technique  to  a-Si:H  indicate  new  features  of  the  absorption  spectra. 

These  include  previously  unreported  structure  of  the  absorption  spectra  in  the  photon  energy 
range  near  the  mobility  gap  of  a-Si:H  films. 

Several  different  techniques  are  often  used  for  the  measurements  of  absorption  coefficient 
as  a  function  of  photon  energy.  These  include  conventional  transmission  spectroscopy, 
photothermal  deflection  spectroscopy,  the  constant  photocurrent  method,  and  photo-pyroelectric 
spectroscopy.  All  these  techniques  yield  only  relative  absorption  spectra.  Fitting  these  data  to 
absorption  spectra  determined  by  transmission  measurements  is  required  in  order  to  place  relative 
spectra  on  an  absolute  scale.  This  is  usually  done  by  matching  experimental  data  to  the  results  of 
optical  transmission  in  the  photon  energy  range  corresponding  to  large  absorption  coefficient 
Even  more  important  is  the  fact  that  all  methods  which  include  reflection  of  incident  light  from 
the  front  and  the  back  surface  of  thin  film  have  serious  limitations  caused  by  interference.  As  a 
result,  the  uncertainty  in  the  absorption  coefficient  can  be  as  large  as  an  order  of  magnitude.  In 
conventional  transmission  spectroscopy  it  is  common  to  assume  incoherent  multiple  reflection 
in  the  film  and  in  the  substrate  and  to  average  adjacent  fringes  in  order  to  obtain  the  incoherent 
form  for  the  optical  transmission.  Removing  the  interference  fringes  from  the  transmission 
spectra,  i.e.  estimating  a  baseline,  is  one  of  tire  error  sources  in  conventional  transmission 
spectroscopy  [1].  The  application  of  conventional  techniques  is  further  limited  by  the  fact  that 
Ae  interference  induced  uncertainty  in  the  measured  absorption  spectra  increases  with  the 
improvement  in  the  film  thickness  uniformity  and  in  the  surface  morphology. 

In  this  work,  we  employed  the  alternative  interference  technique  for  the  absorption 
coefficient  and  refractive  index  spectra  determination  fi'om  the  results  of  transmission  (T)  and 
reflection  (R)  measurements.  Recently,  the  variation  of  this  technique  was  applied  to  films  of 
a-Si:H  and  alloys  [2,3]  and  was  found  effective  in  the  photon  energy  range  above  the  optical 
gap.  The  absorption  coefficient  has  been  determined  by  using  the  ratio  T/(l-R),  which  almost 
completely  eliminates  disturbance  from  the  interference  effect.  This,  however,  limits  the 
sensitivity  of  the  interference  method  which  is  potentially  close  to  the  sensitivity  of  modulation 
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spectroscopy.  The  analysis  presented  here  is  based  on  exact  interference  equations  for  the  system 
of  a  film  on  a  substrate.  These  account  not  only  for  the  interference  in  the  a-Si:H  film  but  also 
for  the  absorption  inside  the  substrate  and  for  the  reflection  from  both  substrate  surfaces.  The 
method  is  based  on  a  self-consistent  interference  analysis  of  the  measurement  results.  The 
formulae  for  the  optical  transmission  and  reflection  by  a  plane  parallel  sheet  on  a  transparent 
substrate  have  been  applied  to  semiconductor  films  by  HaU  and  Ferguson  [4].  Transmission  and 
reflection  are  given  in  a  more  convenient  form  in  [5],  together  with  some  important  details  of  the 
interference  technique. 

When  light  is  incident  on  a  thin  parallel  sheet  of  a  partially  transparent  material,  multiple 
reflection  take  place  on  both  surfaces  and  cause  constructive  or  destructive  interference  in  Ae 
reflected  and  transmitted  beams  at  selected  wavelengths.  The  transmission  Tj^  and  reflection 
Rj^  of  the  medium  /  film  /  substrate  system  in  the  case  of  a  near  normal  angle  of  incidence,  and 
without  allowance  for  multiple  reflection  in  the  substrate,  are: 

Ti3  =  ^  T12T23  2  e-“2d2  COS252  (Ri2R23)^^^  +  %  e-^“2d2),  (1) 

where  ^  =  (  1-  2  e-“2d2  cos252  (Ri2R23)^^^  +  ^12^23  e‘^“2d2)-l  .  (2) 

Here  ^  =2;r  n2d2/X  is  the  phase  thickness  of  the  film  at  the  wavelength  X;  0^ ,  ^2  d2  are 

the  absorption  coefficient,  the  refractive  index  and  the  thickness  of  the  film.  The  coefficients  of 
transmittion  and  reflection  Tj- arid  at  the  medium // medium  i+i  interface  are  given  by 

^  (^i+1 !  +  (Ki  -I-  Ki+i))2] ,  (3) 

^ij+l  =  [("i  -  "i+l)^  +  -  ><^1+1))^  ]  /  +ni+i  9-  +  (Ki  +Ki+i))2] ,  (4) 

where are  refractive  indices,  and  k~Xa/4n:  are  corresponding  extinction  coefficients.  These 
expressions  are  valid  in  the  case  of  a  relatively  weak  absorption  coefficient  of  the  film,  i.e.  when 
”2^  >  k2^.  For  a  bulky  substrate,  the  measured  values  of  the  transmission  and  reflection 
R^  of  the  system,  with  allowance  for  incoherent  reflection  in  the  substrate,  are 

V  =  Ti3  (1  -  Ri  )e-“3d3  /  (1  -  R.  R3  je-2«3d3 ),  (5) 

and  Rgx  =  R13  +  Rj  (1  -  R^  R3ie-2“3d3).  (6) 

Here  Rj  =(n2  -  n3)2  /  (nj^  +  n3)2  is  the  reflection  from  the  air-substrate  interface,  and 

R31=  ^(R32-  2  e-‘^2d2  cos252  (Ri2R23)^''^  +  Rl2  e-^“2d2)  (7) 

is  the  reflection  of  a  medium  /  film  /  substrate  /  medium  system  illuminated  from  the  substrate 
side.  The  transmission  spectrum  of  the  system  is  the  same  for  the  front-side  and  back-side 
illumination.  However,  the  measured  values  of  reflection  in  these  two  configurations  are  slightly 
different.  Nevertheless,  since  the  factor  RfR^j  in  (5)  and  (6)  amoimts  to  a  small  correction,  it 

can  be  replaced  with  sufficient  accuracy  by  ^e  quantity  R^  Rj^. 

The  transmission  and  reflection  spectra  are  measured  with  Cary  5E  Spectrophotometer 
using  a  two-beam  scheme  with  specular  reflection  attachments  which  ensure  a  near  normal 
(~8  °)  angle  of  incidence  on  the  sample.  We  used  undoped  samples  of  device  quality  a-Si:H 
thin  films  with  hydrogen  content  ~8-10  %.  Both  transmission  and  reflection  spectra  reveal 
deep  interference  fiinges  in  the  IR  region.  The  interference  pattern  is  almost  the  same  for 
different  regions  of  the  wafer  (the  variations  of  the  wave-lengths  corresponding  to  extrema  do 
not  exceed  1-2%)  which  means  that  film  thickness  uniformity  is  sufficiently  high  for 
implementing  interference  method.  Similarly,  positions  of  T  and  R  extrema  practically  coincide  in 
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Fig.  1.  The  refractive  index  dispersion.  Fig.  2.  The  reflection  spectra;  measured  and  calculated. 

the  range  of  small  absorption,  which  is  important  for  further  analysis.  The  high  degree  of  film 
thickness  uniformity  is  iso  evidenced  by  die  fact  that  experimental  values  of  fringes  amplitudes, 

i.e.  the  ratios  RmaxlRmin  and  TmaxiTmin  are  in  excellent  agreement  with  those  computed  from 
equations  (l)-(7).  The  thickness  of  the  film  and  the  dispersion  curve  for  «2  can  be  estimated  as 

usually  from  the  position  of  extrema  Xm  by  using  the  relationship  ^2  =rn  Xm  /  4^2  with  the 
value  of  refractive  index  taken  fi-om  the  literature  [6].  The  order  of  extrema  m  is  found  from 
the  wavelengths  of  two  adjacent  extrema,  since  ^2  does  not  change  appreciably  when  m  is 
increased  by  one.  The  dispersion  curve  for  /I2  is  shown  in  Fig.  1  together  with  published  results 
[6].  The  agreement  is  very  good.  However,  the  numerical  value  of  the  refractive  index  of  a-Si:H 
can  vary  significantly  between  different  samples  depending  on  the  hydrogen  content  and  the  film 
density.  Consequently,  the  values  of  d2  and  n2  obtained  in  this  manner  are  only  used  as  the 
initial  estimates  which  have  to  be  corrected  as  discussed  below. 

Using  preliminary  results  for  n2(^co)  at  the  specified  photon  energies  ^co),  the  absorption 
spectrum  which  fits  the  measured  transmission  spectrum  (^co)  can  be  calculated 

from  equation  (5)  by  an  iterative  procedure.  Knowing  both  112(^0))  and  02(^0) )  permits  one 
also  to  calculate  the  spectrum  of  reflection  Rex  using  eq.(6).  This  method  serves  as  an 
additional  verification  of  the  extracted  parameters  £(2  and  n2.  The  reflection  spectrum  calculated 
using  a  single  iteration  is  compared  with  experimental  data  in  Fig.  2.  The  calculated  interference 
pattern  closely  follows  the  experimental  data.  There  are,  however,  small  discrepancies,  because 
£^2  sud  ^2  accepted  for  simulation  are  not  exact  As  a  result,  the  c^culated  absorption  spectrum 
reveals  fictitious  interference  fringes  in  the  range  of  weak  absorption.  To  obtain  correct 

absorption  data  in  the  subgap  range  where  a  «  10  -100  cm'l,  the  thickness  of  the  film  has  to  be 
determined  with  the  acci^cy  better  than  0.01-  0.005  |im.  After  corrected  values  of  the  film 
thickness  and  refractive  index  at  specified  photon  energies  are  found,  the  computer  program  that 
compares  the  measured  and  calculated  transmission  and  reflection  spectra  is  used  to  obtain  both 

cx2(^co)  and  n2(ftco)  by  the  second  iteration. 

Two  similar  samples  with  slightly  different  thicknesses  were  measured  in  order  to 
establish  the  reproducibility  of  the  results  obtained  by  interference  technique  (Fig.  3).  The 
numerical  values  of  the  absorption  coefficient  are  close  to  the  published  data  [7]  also  shown. 

At  02  >  104  cm- 1  the  absoiption  coefficient  follows  the  well  known  Tauc  dependence  (Fig.  4) 

( o  non  )1/2=b  ( ftcD-  El )  with  the  threshold  energy  Ei  =  1.685  +  0.01  eV  which  is  usually 
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Fig.  3.  The  absorption  coeffitient  spectra  for  two  samples.  Fig.  4.  The  Tauc  plot  for  the  absorption  coefficient. 

interpreted  as  the  optical  gap  Eg.  The  data  for  ^co  <1.85  eV  follow  a  different  Tauc  law  with  the 

threshold  energy  E2  =  1.615  +  0.01  eV.  At  the  same  time,  our  measurements  indicate  a  new 
structure  in  the  absorption  spectrum  near  the  fundamental  edge.  These  are  several  peaks  and 
steps  with  the  most  pronounced  peak  centered  at  the  photon  energy  1.65  eV.  Tauc  has 
discorvered  the  tail  near  absorption  edge  in  amorphous  Ge  and  suggested  that  this  tail  is  caused 
by  excitons  bound  to  neutral  acceptors  [8].  In  our  case,  the  asymmetry  of  the  peak  form  around 
1.65  ev,  with  sharp  rise  of  absorption  at  low  energy  side  and  more  slow  reduction  at  high  energy 
side,  can  also  indicate  the  exciton  related  absorption  and  the  presence  of  localized  defects. 

The  proposed  technique  ensures  a  high  accuracy  of  the  measured  optical  characteristics. 

The  resolution  of  the  method  is  not  less  than  a  few  meV.  This  makes  it  possible  to  determine  the 
spectra  of  the  derivatives  of  these  characteristics  by  point  by  point  numerical  differentiation  in 
steps  of  several  meV  on  the  energy  scale  and  consequently  to  analyze  the  details  in  the  electron 
density  of  states.  As  a  result,  this  technique  is  no  less  sensitive  in  determining  energy  spectra 
than  modulation  spectroscopy  based  methods  (for  example,  electroabsoiption  or 
electroreflectance  measurements),  but  it  yields  more  information  due  to  the  possibility  of 
simultaneous  analysis  of  optical  characteristics  and  their  derivatives.  In  particular,  the 
interference  technique  makes  possible  high  precision  measurements  of  the  absorption  in  the 
region  near  the  fundamental  edge,  where  absorption  coefficient  varies  over  several  orders  of 
magnitude,  and  to  measure  the  absorption  relat^  to  impurities  and  defects  in  the  subgap  energy 
region.  The  results  of  absorption  measurements  in  the  subgap  energy  range  will  be  discussed 
later. 
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Photoelectric  or  optoelectronic  techniques  are  routinely  used  to  study  the  energy 
configuration  in  semiconductor  materials.  Techniques  such  as  photoluminescence  (PL) 
and  photoreflectance  (PR)  have  become  invaluable  in  obtaining  bandgap  energies  as  well 
as  conduction-  and  valence-band  discontinuities  in  heterostructure  materials.  Recently, 
the  photoelectric  technique  was  applied  to  fully  fabricated  PHEMTs  [1],  studying 
photoconduction  in  these  FETs  under  backside  illumination.  Primarily,  transistors 
without  a  charge  supply  layer  underneath  the  channel  (underdoping)  were  evaluated.  The 
lack  of  underdoping  resulted  in  a  flat  quantum  well  for  the  depleted  device  and  the  An=0 
selection  rule  for  square-well  interband  transitions  is  strong.  Consequently,  only  a  few 
interband  transitions  in  the  absorption  spectrum  are  allowed  and  these  transitions  are 
easily  identified  in  the  photoconductance  characteristics  of  the  PHEMTs.  In  this  paper 
the  photoelectric  studies  are  extended  to  the  characterization  of  transistors  with 
underdoping  and  for  the  first  time  the  ground  state  intersubband  transition  is  identified. 

Figure  1  presents  a  sketch  of  the  experimental  setup  for  the  photoemission  and 
conduction  (PEC)  studies.  The  PEC  measurements  are  performed  on-wafer  at  room 
temperature  using  either  Cascade  or  shielded  Pico  probes.  The  wafer  chuck  contains  a 
hole  in  its  center.  A  micromanipulator  positions  one  end  of  an  optical  fiber  directly 
underneath  a  device,  and  the  other  end  of  the  optical  fiber  is  connected  to  the  exit  slit  of 


a  SpectraPro-150  (Acton  Research  Corporation)  monochromator.  A  50  W  tungsten  light 
source  is  employed  and  the  light  is  mechanically  chopped.  Stanford  Research  SR530 
lockin  amplifiers  are  utilized  to  measure  the  photocurrents  at  the  drain  and  gate 
electrodes.  A  low  noise  current  preamplifier  SR570  is  used  to  amplify  the  gate 
photocurrent  and  to  provide  the  gate  voltage.  The  measurements  are  performed  on  GaAs 
based  PHEMTs,  grown  by  MBE.  The  channel  and  barrier  consist  of  12.5  nm 
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Iiio  22Gao.78As  and  24  nm  Al^,  jAGa^gAs  layers  respectively.  The  barrier  layer  is  doped  to 
supply  carriers  to  the  channel.  The  structure  is  grown  on  top  of  a  GaAs  buffer  layer. 
Devices  on  two  wafers  were  studied  where  one  wafer  contained  underdoping  with  a 
nominal  charge  density  of  1*10'^  cm'l  The  second  wafer  was  grown  without 
underdoping.  In  this  paper  photoconductance  results  obtained  on  devices  with  a  nominal 
gate  length  of  1  pm  are  reported. 

Figure  2  presents  typical  photoconduction  (PC)  results  obtained  on  a 
pseudomorphic  HFiiT  that  contained  no  underdoping  [1].  The  measurements  were 
performed  under  pinch-off 
condition  and  it  was  shown  [2] 
that  the  transistor  amplifies 
the  photocurrent  in  this 
gate  voltage  regime.  The 
lower  curve  in  Fig.  2 
presents  the  PC  charac¬ 
teristic  versus  photon 
energy  E.  This  charac¬ 
teristic  resembles  the 
theoretical  absorption 
curve,  obtained  using  a 
self-consistent  solution  to 
the  Schrodinger  and 
Poisson  equations.  One 
observes  that  at  low  photon 
energies  the  PC  signal  is 
negligible.  At  photon 
energies  of  1.19,  2.27,  and 
1.37  eV  step-like  increases 

in  PC  become  evident  due  to  El-HHl,  E2-HH2,  and  E3-HH3  interband  transitions 
respectively.  To  better  analyze  these  transitions  the  PC  versus  E  curve  was  differentiated 
(upper  part  of  Fig.  2)  and  three  peaks  are  observable  due  to  the  indicated  transitions.  At 
photon  energies  larger  than  1.4  eV  the  PC  signal  becomes  extinct  since  the  GaAs 
substrate  is  not  transparent  in  this  energy  range.  The  PC  results  complement  data 
obtained  by  PL,  PLE,  and  PR  and  can  be  used  to  more  accurately  model  dc  and  rf 
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Figure  2  Typical  photoconduction  results  of  a  PHEMT 
without  underdoping  [1] 


behavior  of  these  FETs. 

In  devices  with  underdoping,  a  flat  quantum  well  cannot  be  obtained  under  any 
gate  voltage  and  the  selection  rule  is  not  valid.  Figure  3  shows  the  PC  characteristic  of 
such  an  HFET  at  pinch-off  (Vg  =  -2.3  V).  The  step-like  behavior  is  not  apparent  in  this 
figure.  Figure  4  shows  the  derivative  of  the  PC  curves  for  two  gate  voltages,  -2.3  and  - 
1.7  V.  At  Vg  =  -2.3  V  the  device  is  pinched  off  while  at  Vg  =  -1.7  V  the  transistor  is 
in  the  ’on’  condition.  At  pinch-off,  an  electric  field  in  the  channel  causes  the  electrons 
to  gravitate  towards  the  substrate  and  the  holes  towards  the  gate.  No  individual 
transitions  can  be  identified  in  the  spectrum  under  this  bias  condition.  When  the  gate  bias 
is  changed  towards  more  positive  gate  potentials  then  the  electron  and  hole  wavefunctions 
change  and  the  strength  of  the  individual  interband  transitions  vary.  As  a  result,  one 
observes  peaks  in  the  derivative  spectrum  which  appear  and  disappear  with  changing  gate 
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Figure  3  Photoconduction  vs  photon 


voltage.  The  spectrum  obtained  at  Vg  =  -1.7  - —  - , 

V  is  an  example  where  several  individual  0.3  -  /\ 

transitions  are  apparent.  In  this  curve  only  the  /  \ 

ground  state  interband  transition  can  be  / 

identified.  _  0.2  -  ^ 

In  a  symmetrical  channel  (the  top  part  ^  ^  [ 

of  the  quantum  well  is  a  mirror  image  of  the  o  / 

bottom  part)  some  selection  rules  are  valid:  ”  / 

transitions  where  An  is  an  odd  number  are  / 

forbidden.  We  performed  theoretical  studies  to  q  ^ _ j  , 

investigate  if  a  symmetrical  well  can  be  ^ 

achieved  at  certain  gate  voltages.  We  12  13 - 14 - 

observed  that  due  to  the  disparity  of  the  top  E  [ev] 

and  bottom  heterobarriers  (InGaAs/AlGaAs  Figure  3  Photoconduction  vs  photon 
and  InGaAs/GaAs  respectively)  symmetry  in  energy  of  an  HFET  with  underdoping 
the  quantum  well  cannot  be  obtained.  This 

disparity  is  aggravated  by  the  electric  field  r  - 

below  the  channel  due  to  the  underdoping,  ^  $\ 

which  drastically  reduces  the  effectiveness  of  5"  ^  ^  I  \  t  \ 

the  bottom  barrier.  Note  that  this  disparity  ^  Vg  /a,  | 

also  exists  in  FETs  without  underdoping.  ^  _^-2.3 

However,  due  to  the  negligible  electric  field  in  o  //  V  V 

the  GaAs  buffer  layer  in  such  devices,  the  ^  05  -  //a  \ 

GaAs/InGaAs  conduction  band  discontinuity  f  i  \  ' 

forms  an  effective  barrier  resulting  in  »  jlili’iillffilJliltilTOIr  ■ 

symmetrical  wavefunctions  even  for  the  third  sWpiwttffiiW'  i  ^ 

electron  subband.  We  expect  that  a  ^  ^  i> 

symmetrical  well  can  be  achieved  with  1  11  12  13 

AlGaAs  at  the  top  and  bottom  of  the  channel,  e  [eV] 

even  in  devices  with  underdoping.  Figure  4  Derivative  of  PC 
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wafer  growth. 


Vg 

-2.3 

•17 

J  ^ 

1  ) 
“ii 

1  I 

-  1 

i  ^ 

1.1 

1,2 

E  m 

Figure  4  Derivative  of  PC 
characteristics  of  HFET  with 
underdoping  for  two  gate  voltages 


[1]  F.  Schuermeyer,  J.P.  Loehr,  R.E.  Sherriff,  C.  Cemy  and  M.  Shur,  "Photoelectric 
measurements  of  interband  transitions  in  fully  fabricated  pseudomorphic  high 
electron  mobility  transistors,"  presented  at  the  22nd  International  Symposium  on 
Compound  Semiconductors,  Cheju  Island,  Korea,  Aug.  28  -  Sept.  2,  1995.  Also 
to  be  published  in  the  proceedings. 

[2]  F.  Schuermeyer,  C.  Cemy,  J.P.  Loehr,  and  R.E.  Sherriff,  "Photoelectric  Emission 
and  Conductance  Studies  on  Fully  Fabricated  PHEMTs,"  Solid  State  Electronics, 
vol.  38,  p.  1618,  1995 


33 


Near-field  Photoelectronic  Studies  of  Nanometer-scale  Defects 

in  Relaxed  GeSi  Films 


J.  W.  P.  Hsu 

Department  of  Physics,  University  of  Virginia.  Charlottesville.  VA  22901 
E.  A.  Fitzgerald,*  Y.  H.  Xie,  and  P.  J.  Silverman 
AT&T  Bell  Laboratories.  600  Mountain  Ave..  Murray;  Hill  NJ  07974 


Using  a  near-field  scanning  optical  microscope  (NSOM),  we  investigate 
defects  and  morphology  on  the  surface  of  relaxed  GeSi  films  that  arise  from  the 
strain  release  caused  by  lattice  mismatch  between  the  heteroepitaxial  films  and  the  Si 
substrates.  Threading  dislocations  are  identified  by  simultaneously  imaging  the 
surface  topography  and  the  photoelectric  signals.  Characterization  using  an  electron 
microscope  is  commonly  used  for  this  type  of  defect  imaging.  Images  based  on 
photoelectrical  contrast  is  analogous  to  electron  beam  induced  current  (EBIC) 
imaging.  The  resolution  achieved  with  a  NSOM  is  ten  times  higher  than  with 
conventional  far-field  optical  techniques,  and  similar  to  that  of  EBIC.  We  will 
present  results  of  surface  morphology  and  photoelectic  response  near  threading 
dislocations,  as  well  as  compare  our  results  with  EBIC  results. 

The  ability  to  integrate  devices  made  of  different  materials  is  the  key  to 
advancing  modem  electronic  and  optoelectronic  technologies.  Thus,  the  growth  of 
good  quality  films  having  bulk  properties  on  lattice  mismatched  substrates  and  the 
characterizations  of  such  films  have  been  a  major  area  of  study  in  material  science. 
We  will  report  the  use  of  a  novel  optical  technique,  the  near-field  scanning  optical 
microscope  (NSOM),  to  simultaneously  study,  with  spatial  resolution  better  than 
100  nm,  the  surface  morphology  and  electric-optical  activity  of  individual  threading 
dislocations  on  relaxed  GexSii.x  films.  Because  the  size  of  each  crystalline  defect 
is  much  smaller  than  the  diffraction  limit  of  visible  light,  such  defect 
characterization  has  been  limited  until  now  to  electron  microscopy  techniques.  This 
study  also  demonstrates  the  power  of  the  NSOM,  which  achieves  a  more  than  ten- 
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fold  increase  in  spatial  resolution  from  conventional  far-field  optical  methods.  The 
capability  to  simultaneously  study  morphology  and  photoresponse  of  the  same 
defect  structure  is  the  major  advantage  of  the  NSOM  over  electron  microscopy. 

The  NSOM  used  in  this  experiment  operates  in  reflection  mode,  and  was 
modified  from  a  commercial  scanning  force  microscope  (PSI BD-2).  The  tips  were 
tapered,  Al-coated  optical  fibers  similar  to  those  reported  in  Ref.  1.  Shear  force 
feedback  [2,3]  was  used  to  regulate  the  tip-sample  separation  between  10  and  20 
nm.  Topographic  images  are  generated  by  applying  a  voltage  to  the  z  piezo  scanner 
to  keep  the  shear  force  signal  constant,  while  the  spatially  resolved  near-field 
photoresponse  is  measured  simultaneously. 

Samples  studied  in  this  experiment  are  grown  by  molecular  beam  epitaxy  and 


Fig.  1  (a)  Topographic  and  (b)  photovoltage  images  taken  simulataneously  of  a 
10.9  jxm  X  10.9  pm  area,  (c)  Topographic  and  (d)  photovoltage  images  of  a  3.6  pm 
X  3.6  pm  area  near  dislocation  #1,  indicated  in  (b).  The  full  gray  scde  for  (a)  &  (c) 
are  100  A  and  for  (b)  &  (d)  correspond  to  a  10  %  change. 
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consist  of  a  uniform  GcxSii.x  cap  layer  of  ~  1  pm  on  top  of  a  compositionally 
graded  layer  on  Si  (100)  substrates.  They  are  completely  relaxed,  exhibiting  bulk 
GexSii.x  optical  properties. [4,5]  Typically,  these  graded  films  have  threading 
dislocation  densities  <  5  x  10^  cm'2.  This  was  determined  with  electron  beam 
induced  current  (EBIC)  [6]  because  the  density  is  too  low  to  be  detected  by 
transmission  electron  microscopy. 

Fig.  1  shows  side  by  side  (a)  topographic  and  (b)  photovoltage  images  in  a 
10.9  pm  X  10.9  pm  area  taken  simultaneously.  In  Fig.  1(b),  three  threading 
dislocations  are  easily  identified  by  the  three  dark  spots  in  the  image.  The 
corresponding  topographic  image  (Fig.  1(a))  is  dominated  by  the  cross-hatch 
pattern  that  is  due  to  the  underlying  misfit  dislocation  network  characteristic  of  these 
graded  samples.  Nevertheless,  three  shallow  depressions  corresponding  to  the 
region  of  reduced  photoresponse  can  be  identified.  These  electrically-active 
shallow  depressions  are  individual  defects  since  their  photoresponse  is  similar  in 
both  magnitude  and  spatial  extent  to  their  morphology.  Fig.  1(c)  and  (d)  show 
topography  and  photoresponse  near  threading  dislocation  #1  from  Fig.  1(a)  and  (b) 
with  higher  magnification  (3.6  pm  x  3.6  pm).  It  is  now  clear  that  these  threading 
dislocations  display  a  distinctive  morphology  as  reported  in  Ref  [7]  and  act  as 
carrier  recombination  centers.  The  average  spatial  extent  of  the  photovoltage 
reduction  for  a  threading  dislocation  is  (0.66  ±0.16)  pm,  larger  than  that  of  the 
depressions,  (0.39  ±  0.1 1)  pm.  This  is  because  the  electrical  activity  length  scale  is 
determined  by  carrier  diffusion  length,  which  can  be  large  in  good  materials,  as 
well  as  aperture  size.  EBIC  images  of  threading  dislocations  in  these  samples  show 
dark  spots  with  ~  1  pm  diameters.  The  full  scale  of  Fig.  1(b)  and  (d)  represents  a 
10  %  change  about  the  average  photovoltage.  Typical  reduction  of  threading 
dislocation  photoresponse  is  measured  to  be  5  ~  10  %.  A  few  percent  change  is 
also  what  is  observed  in  EBIC. 
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Introduction 

Heat  removal  from  electronic  devices  has  always  been  a  significant  technical  prob¬ 
lem  [1].  Miniaturization  of  electronic  devices  and  high  integration  densities  have  made 
the  heat  removal  problem  fundamentally  important.  Along  with  the  well-known  prob¬ 
lem  of  the  overall  overheating  of  a  chip,  which  may  result  in  deterioration  of  device 
operation,  there  occur  additional  problems  due  to  nonequilibrium  distribution  of  the 
emitted  phonons.  These  new  problems  may  not  be  solved  by  employing  more  efficient 
cooling  systems  because  the  excessive  energy  removal  is  not  limited  by  the  usual  ther¬ 
mal  conductivity  of  crystal  lattice,  but  rather  by  processes  which  axe  substantially 
nonequilibrium  and  nonlineax. 

For  example,  in  the  case  of  double  heterostructure-based  nanodevices  the  optical 
phonons  generated  by  electrons  cannot  escape  from  the  active  regions  due  to  their 
spatial  confinement.  This  results  in  the  growing  their  population  and  perhaps  may 
even  damage  a  device  active  region  due  to  excitation  of  monochromatic  lattice  vibra¬ 
tions  [2,  3].  In  addition,  the  generation  of  a  large  number  of  nonequilibrium  phonons 
by  electrons  results  in  a  phonon  distribution  function  which  is  far  from  equilibrium 
and  significantly  affects  electron  transport  in  nanostructures.  On  the  other  hand, 
there  are  conditions,  when  the  energy  supplied  to  the  electron  subsystem  from  the 
parallel  to  the  quantum  well  electric  field  may  be  efficiently  removed  from  electrons 
by  fluxes  of  acoustic  phonons  in  the  direction  (preferably)  normal  to  the  quantum 
well. 

The  heat  transfer  process  in  macrodevices  represents  diffusion  of  thermal  en¬ 
ergy  and  is  govern  by  the  thermoconductivity  equation  [4].  Wlien  characteristic 
sizes  of  heterostructure  devices  approach  nanodimensions,  the  physical  picture  of 
heat  removal  undergoes  a  substantial  modification;  the  thermal  energy  removal  from 
nanodevices  differs  significantly  from  similar  processes  in  relatively  large  devices  [5]. 
Therefore,  the  heat  removal  from  nanodevices  requires  thorough  investigation  em¬ 
ploying  an  adequate  mathematical  description.  The  quantum  kinetic  equations  for 
phonons  and  electrons  provide  adequate  means  for  describing  the  heat  removal  from 
nanostructures  in  which  both  electron  and  phonon  quantization  are  important. 

Equations  for  heat  removal 

The  problem  at  hand  may  be  described  by  the  kinetic  equations  for  electron  and 
phonon  density  matrices,  fk,k’  3nd  o'q,q>,  where  k  and  q  denote  sets  of  all  quantum 
numbers  for  electrons  and  phonons,  respectively.  These  equations  have  a  similar 
structure  and  for  the  phonon  density  matrix,  for  example,  the  kinetic  equation  has 
the  following  form: 


^^9.5'/ +  ^(‘*^9  “  ‘^9')^9.9'  =  ^PE  +  Ir  , 


(1) 
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wiiere  Ipe  is  tiie  phonon  collision  integral  with  electrons,  Ir  is  the  phonon  relaxation 
term  due  to  interactions  other  than  electron  scattering.  The  phonon-electron  collision 
integral  in  the  case  of  two-dimensional  electron  gas  is  given  by  the  formula 


iPE  =  —2i 

n,n',k|| 


<  n|rq/|n'  >  p[(l  -  /n,k||)/n',k||+qj|^q,q'  +  (/n',k||+q'  /n,k||  )o‘q,q'. 

^n,k||  “  -f  Wq  —  lA 


+2i  ^ 

n,n',k|| 


<  n|rq[n'  >  p[(l  —  /n,k||)/n',k||-|-q||^q,q'  +  (/n',k||+q||  ~  /n,k||  )g'q,q'. 
en,k||  -  STi'.k||+q||  +  <*^q'  + 


The  electron  states  are  determined  by  subband  number  n  and  electron  in-plane  wave 
vectors  k||.  The  phonon  states  are  determined  by  wave  vectors  q  =  (q||,?z),  where 
q||  is  the  phonon  in-plane  wave  vector,  and  axis  z  is  normal  to  the  quantum  well. 
We  restrict  ourselves  by  the  case  of  the  acoustic  phonons  interacting  with  electrons 
through  the  deformation  potential.  The  matrix  elements  in  Eq.  (1)  are  given  by  the 
formulae 

where  the  overlap  integral  is  determined  by  the  formula 


Q(n',n,q^)  =  \<  n'|  exp(igz^)ln  >|*  , 

Ea  is  the  deformation  potential  constant,  Vpr  is  the  principal  volume,  (jj{q)  is  the 
phonon  dispersion  relation,  and  we  use  units,  such  that  %  =  1. 

Because  our  system  is  translationally  invariant  in  the  plane  of  the  quantum  well, 
we  will  use  the  following  Wigner  function 


~  ^  ^(<l||i9»-l-0.5Agi);(q||,9z-0.5Ag*)  GXp(iAqzZ)  , 

Aqz 

which  satisfies  the  kinetic  equation 

d^q[\{9z,z)/dt  +  Sz{q)dNq^^{qz,z)/dz  =  IpE+lR  (2) 

In  Eq.  (2),  5'z(q)  is  the  z—  component  of  the  phonon  velocity,  Sq.  At  distances  from 
quantum  well  which  eire  much  Ijirger  than  the  inverse  z-component  of  phonon  wave 
vector,  the  collision  integral  XpE  is  equal  to  zero.  Thus,  it  may  be  taken  into  account 
through  the  boundary  conditions  for  function  iVq||(q*,z): 

Sz  (■^q||(92, +dz)  —  Nq^^[qz,—dzfj  =  j  ^  2Tpu)(q)  ^ 

[(1  “/n,k||)  /n',k||-|-q||  "I"  (/n',k||+q||  ~/n,k||)  ]  ^(^n,k||  “  ^n',k||-|-q||  +  Wq)  . 

In  Eqs.  (1),  (2)  and  (3)  we  have  assumed  that  the  electron  subsystem  is  homogeneous 
in  the  x—y  plane  ana  is  described  by  a  diagonal  density  matrix  (distribution  function) 
/Ti,k||  •  For  the  function  we  have  the  kinetic  equation  which  allows  for  a  strong 

(in-plane)  electric  field  and  electron  scattering  by  optical  and  acoustic  phonons.  We 
have  used  equilibrium  distributions  for  phonons  in  the  collision  integrals  of  electrons 
with  phonons.  Our  basic  approach  is  very  close  to  that,  used  in  Ref.  [6].  However, 
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in  contrast  to  this  paper,  we  have  taken  into  account  the  effect  of  hot  electrons  on 
phonon  emission  and  absorption;  in  addition,  we  have  allowed  for  both  spontaneous 
and  stimulated  phonon  processes. 


Radiation  patterns 

The  kinetic  equation  for  electrons  and  Eq.  (2)  have  been  solved  by  the  Monte 
Carlo  technique.  We  have  obtained  the  electron  distribution  function  /n,k||  the 

phonon  Wigner  function  Nq^^{qz,  z).  The  primary  objects  of  our  interest  in  this  report 

are  the  fluxes  of  energy  carried  by  acoustic  phonons.  We  will  use  the  three  densities 
of  energy  fluxes  which  are  defined  as  follows 

=  S  Af{Q,,u)dQ,  ,  =  /A/*(n,a;)du; ,  where  Cl  is  the  solid  angle,  u  is  the 

phonon  frequency,  Lj-Ly  is  the  area  of  the  quantum  well.  is  the  energy  flux 

due  to  emitted  (and/or  absorbed^  acoustic  phonons  per  unit  energy  range,  per  unit 
solid  angle  (dimension  is  l/(s  srad)^.  We  restrict  our  consideration  to  a  nondegenerate 
electron  gas,  then,  in  accordance  with  Eqs.(l)  and  (2),  the  densities  of  phonon  energy 
fluxes  are  proportional  to  the  electron  concentration  and  we  normalize  these  quantities 
per  one  electron. 

We  have  calculated  functions  A/'(f2,£j),  A/n(ci>),  and  for  a  wide  range  of 

external  parameters.  To  demonstrate  the  results  we  will  use  the  following  coordinate 
system:  axis  x  is  in  the  direction  of  the  average  electron  velocity,  axis  z  is  perpendic¬ 
ular  to  the  quantum  well,  axis  y  augments  the  axis  s  —  z  to  a  right  basis.  We  also  use 


Figure  1.  Radiation  pattern  of  acoustic  pho¬ 
nons,  Afn{aj),  in  units  meVIps  srad  electron 
for  azimuthal  angles  (p  =  5°(1),  55‘’(2),  85°(3), 
115'’(4),  175°(5);  both  emitted  and  absorbed 
phonons  are  counted.  GaAs/AlAs  quantum 
well  of  width  lOOA,  electric  field  100  F/cm, 
lattice  temperature  T=30Jir.  Negative  fluxes 
(below  the  abscissa)  correspond  to  prevailing 
phonon  absorption. 


Figure  2.  The  spectra  of  the  acoustic 
phonon  energy  flux,  A/h(a;),  for  electric  field- 
s  1  V/cm,  10  V/cm,  100  V/cm,  300  V/cm, 
1000  v/cm;  both  emitted  and  absorbed  pho¬ 
nons  axe  counted.  GaAs/AlAs  quantum  well, 
T  =  ZQK,  a  =  lOOA. 
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the  conventional  spherical  angles  9  and  9?.  Fig.  1  demonstrates  a  radiation  pattern 
in  the  electric  field  E=100  V/cm.  It  is  worth  mentioning  that  the  ordinate  in  Figs.  1 
has  a  much  larger  scale  that  the  abscissa.  Therefore,  acoustic  phonons  carry  energy 
basically  always  in  directions  close  to  the  z— direction.  This  results  from  the  fact,  that 
the  z-component  of  the  phonon  wave  vector  is  conserved  only  within  an  accuracy  tt/o 
(where  a  is  the  width  of  the  quantum  well)  and  this  quantity  is  usually  larger  than 
the  electron  (and  phonon)  in-plane  wave  vector.  At  the  same  time,  the  flux  of  energy 
exactly  along  the  2— direction  is  equal  to  zero.  This  is  merely  a  consequence  of  the 
conservation  laws.  The  in-plane  distribution  of  the  energy  flux  has  a  well  pronounced 
dependence  on  angle  (p  and  has  higher  values  for  small  9?  (0  <  y?  <  tt)  because  the 
electron  distribution  frmction  is  shifted  in  the  x—  direction.  The  large  bend  on  the 
curve  1  in  the  Fig.  1  for  95  =  5°  for  9  close  to  60°  is  due  to  much  larger  scale  in 
the  z— direction  on  Fig.  1  and  due  to  stretching  the  electron  distribution  function  in 
x-direction. 

The  spectra  of  the  acoustic  phonon  energy  flux  (Fig.  2)  have  maxima  at  the 
phonon  energy  of  about  2  meV,  what  corresponds  approximately  to  a  phonon  with 
wave  vector  27r/o.  The  magnitude  of  the  maximum  has  nonmonotonical  dependence 
on  the  electric  field.  When  the  electric  field  increases,  the  magnitude  of  the  maxi¬ 
mum  increases  too;  however,  it  has  a  plateau  at  electric  fields  in  the  range  100  V/cm 
-  300  V / cm.  This  plateau  is  related  to  the  changing  the  shape  of  the  electron  distri¬ 
bution  function  due  to  intense  optical  phonon  emission,  which  results  in  the  effective 
narrowing  of  this  function  in  the  x-y  plane. 
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This  paper  describes  semiconductor  noise  calculations  when  electron  motion  is  de¬ 
scribed  by  semiclassical  transport.  The  differential  equations  which  model  semiclassi¬ 
cal  transport  of  electrons  in  semiconductors  can  be  interpreted  as  stochastic  differen¬ 
tial  equations  (SDE)  driven  by  inhomogeneous  randomly  weighted  Poisson  processes. 
The  Poisson  process  models  the  scattering  of  electrons  in  momentum  space.  The 
solution  of  these  stochastic  differential  equations  is  a  Markov  process  and  is  generally 
characterized  by  a  transition  probability  density  function  (p.d.f.).  In  the  theory  of 
SDE,  it  is  well  known  that  this  transition  probability  density  satisfies  the  forward 
Kolmogorov-Feller  equation.  In  the  case  of  semiclassical  transport  this  equation  is 
identical  to  the  nondegenerate  Boltzmann  transport  equation  (BTE).  Based  on  this 
formalism,  the  autocovariance  function  of  current  fluctuations  are  computed  from 
the  transient  solutions  of  the  BTE.  The  distinguishing  feature  of  this  approach  is 
that  current  fluctuations  due  to  scattering  are  directly  accounted  for  in  the  model 
without  the  addition  of  the  “Langevin  source  term.”  Consequently,  this  approach 
directly  connects  the  noise  characteristics  with  the  characteristics  of  the  scattering 
mechanisms  of  the  semiclassical  transport  model.  In  this  sense,  our  framework  is 
similar  to  one  used  in  Monte  Carlo  simulations  of  noise,  [2].  However,  this  approach 
greatly  relies  on  the  interpretation  of  the  semiclassical  transport  model  as  SDEs  and 
the  interpretation  of  the  BTE  as  the  corresponding  Kolmogorov-Feller  equation  of 
the  stochastic  process.  In  the  practical  case  of  ohmic  contacts,  an  explicit  expression 
for  the  current  noise  spectral  density  is  derived  in  terms  of  the  total  scattering  rate 
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and  the  steady-state  distribution  function.  Furthermore,  as  an  illustrative  example, 
numerical  results  on  the  spectral  density  of  current  fluctuations  in  bulk  silicon  due  to 
acoustic  and  optical  phonon  scattering  are  presented. 

According  to  semiclassical  transport  theory,  an  electron  in  a  semiconductor  drifts 
under  the  influence  of  electric  and  magnetic  flelds  and  experiences  occasional  random 
jumps  in  its  momentum  due  to  the  scattering  mechanisms  in  the  crystal,  such  as 
acoustic  and  optical  phonons,  ionized  impurities,  etc.  When  the  effects  of  magnetic 
flelds  are  neglected  ,  the  motion  of  an  electron  is  described  by  the  following  stochastic 
differential  equations: 

f  = 

=  -qE-^Fr,  Fr  =  J^hUi5{t-ti)  (1) 

dt  j 

where  f ,  v  and  k  are  the  electron  position,  drift  velocity  and  wave  vector,  respectively, 
E  is  the  electric  fleld,  e{k)  is  the  energy-wave  vector  relationship  in  the  given  energy 
band  and  Ft  is  the  random  impulse  force  on  the  electron  due  to  scattering.  The 
random  force  is  characterized  by  the  transition  rate  W(k,k)  and  the  scattering  rate 
is  X{k)  is  defined  by 

X{k)  =  j  W{k,k')dk'. 

These  are  the  same  equations  which  are  used  to  simulate  the  electron  motion  in  Monte 
Carlo  simulations,  [2]. 

The  equations  above  define  a  compound  Poisson  process  which  is  discontinuous  in 

k-space  and  is  a  Markov  process.  In  stochastic  differential  equation  theory,  such  a 
process  is  usually  characterized  by  a  transition  probability  density  function  p,  which 
satisfies  the  Kolmogorov-Feller  forward  equation,  (for  instance,  see  [3]).  As  a  result, 
the  corresponding  equation  for  the  above  process  is  derived  to  be 

^{xo,ko,t-,x,k,t  +  T)  -b  v{k)-Vsp-^E{x,t  +  T)  ■Vj^p  = 
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=  J  p{xo,ko,t-,x,k' ,t  +  T)W{k' ,k)dk' —  X{k)p,  (2) 

where  xq,  ko  are  the  initial  electron  position  and  wave  vector  at  some  time  t.  When 
integrated  over  the  initial  conditions  (or  backward  coordinates)  one  obtains  the  well 
known  Boltzmann  transport  equation. 

In  general,  noise  in  semiconductors  is  characterized  by  the  spectral  density  of  current 
fluctuations.  The  spectral  density  is  defined  as  the  Fourier  transform  of  the  autoco¬ 
variance  function.  The  autocovariance  function  of  any  random  process  can  be  found 
from  the  joint  probability  density  function  of  the  random  process.  For  a  scalar  and 
stationary  Markov  process  we  need  the  transition  and  stationary  probability  density 
functions  in  order  to  compute  the  autocovariance  function.  Here  we  consider  the 
problem  of  a  semiconductor  under  steady-state  conditions  such  that  an  average  elec¬ 
tric  field  and  current  density  are  established.  Under  such  conditions,  it  is  clear  that 
the  electron  distribution  function  is  given  by  the  stationary  solution  of  Eqn.  (2), 

/co(f,  k).  The  transition  probability  density  function  is  the  transient  solution  of  Eq. 

(2): 

^(f,F,0;f,fc,r)  -F  v{k)-X7£p-^E{x)  ■Vi^p  = 

=  J p{x,  k',0-,  X,  k\  r)W{k",  k)dT  -  X{k)p,  (3) 

subject  to  the  following  initial  condition: 


p{x,  k  ,0-,x,  k,  t) 


=  6(k 

T=0  ^ 


k') 


(4) 


As  a  result,  one  observes  that  the  autocovariance  matrix  for  the  fluctuations  in  the 
electron  wave  vector  can  be  computed  directly  from  the  transient  and  stationary  so¬ 
lutions  of  the  Boltzmann  transport  equation.  It  is  important  to  note  that  the  only 
information  which  is  needed  is  the  electron  scattering  rates  of  semiclassical  transport 
theory.  Since  this  information  is  included  in  the  corresponding  Kolmogorov-Feller 
equation  (the  BTE,  Eq.  (2)),  there  is  no  need  to  include  additional  random  fluctu¬ 
ations  into  the  system.  This  is  in  contrast  to  the  usually  held  notion  that  the  BTE 
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reflects  the  average  behavior  of  the  system  and  that  a  stochastic  field  term,  referred 
to  as  the  “Langevin  source  term” ,  must  be  added  in  order  to  account  for  the  random 
fiuctuations  in  the  current,  [4].  In  [5],  it  is  shown  that  the  autocovariance  matrix  of 
the  electron  wave  vector  can  be  computed  from  the  transient  solution  of  the  BTE 
subject  to  an  initial  condition  in  terms  of  the  stationary  electron  distribution  and 
the  average  electron  wave  vector.  Based  on  this  approach,  a  closed  form  expression 
is  derived  for  the  noise  spectral  density  at  highly  doped  ohmic  contacts  in  terms  of 
the  scattering  rate  and  the  steady-state  electron  distribution  function.  As  an  illus¬ 
trative  example,  numerical  results  are  presented  for  the  spectral  density  of  current 
fiuctuations  due  to  elastic  acoustic  and  optical  phonon  scattering  in  silicon. 
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Introduction 

In  recent  years,  the  hydrodynamic  (HD)  model  has  been  extensively  used  in  the 
simulation  of  submicron  semiconductor  devices  because  of  its  capability  for  predicting 
nonstationary  and  nonlocal  phenomena  occurring  in  these  devices.  However,  there 
exist  varieties  of  HD  model  differing  primarily  in  modeling  of  transport  coefficients 
(mobility,  energj'  relaxation  time,  thermal  conductivity,  etc.)  Depending  on  which 
transport  model  is  used,  the  simulation  result  can  be  quite  different.  The  purpose  of 
this  investgation  is  to  compare  how  different  transport  models  predict  different  device 
characteristics  of  submicron  semiconductor  devices. 

Physical  Transport  Models 

Me  have  recently  developed  a  two-dimensional  semiconductor  device  simulator 
[1]  based  on  the  improved  HD  model[2].  The  conservation  equations  for  momentum 
and  energy  flux  used  in  the  simulation  are.  respectivehv 

qnV  =  n^j-^F-U  ■(-],  (1) 

nS  =  ^n(l\  i  +  C  )  ■  \  ^  (Wi  -f  U)  ■  U  —  .ffj  ■  Vn 

[(1  -  A,p)V  -R-il-  A,)(W.7  +  U)  ■  (V  •  U)]  ,  (2) 

where  V  =  {Fj  ,F  =  —qE,  (j  =  (vfik^ ,  W  =  (a),  S  =  (rr)  ^  R  =  (vehk^,  1  is  the  unity 
tensor,  Xp  and  X^p  are  dimensionless  parameters.  By  suitabl}'  choosing  the  transport 
parameters  Ap,  A^p  and  closure  relations,  this  generalized  HD  transport  equation  can 
be  reduced  to  most  HD  transport  models  reported  in  the  literature  [3].  For  instance, 
with  the  choice  of  TV  =  fi-BTe,  U  =  |1V,  R  =  =  fj-  and  Ap  =  A,p  =  0,  the 

above  equations  reduce  to  the  simplified  HD  model.  The  conventional  Fourier  heat 
law'  and  the  W  iedemann- Franz  law'  for  thermal  conductivity  corresponds  to  choosing 
~  U  =  |TV,  R  =  -yT't-,  fi*  =  O.Sfi’  and  Ap  =  2Ajp.  Stratton's  energy  balance 

formulation  is  equivalent  to  choosing  Ap  =  [4].  Thus,  using  our  generalized  HD 

solver,  we  can  study  the  influence  of  all  different  transport  models  on  the  simulation 
result. 
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Numerical  Implementation 


The  system  of.  the  generalized  HD  equations  is  discretized  using  the  optimum 
artificial  difi'usivity  approach[5].  The  Jacobian  matrix  is  assembled  either  by  a  nu¬ 
merical  differentiation  or  by  the  analytical  method.  The  state-of-the-art  linear  solver 
incorporating  LU-decomposition  with  an  appropriate  reordering  scheme  and  the  con¬ 
jugate  gradient-like  iterative  method  is  used  to  solve  the  resulting  linear  equations. 
In  order  to  speedup  the  simulation,  parallel  computing  using  a  local  network  of  work¬ 
stations  has  also  been  implemented. 


Simulation  Results 

Previously,  we  used  this  generalized  HD  solver  to  stud}'  the  effect  of  different 
hydrodynamic  transport  models  on  the  simulated  characteristics  of  deep  submicron 
S0TM0SFET's[6].  There,  we  found  that  different  transport  parameters  (e.g..  Xp  and 
A.p)  yield  different  output  characteristics.  In  this  study,  we  investigate  the  influence 
of  HD  models  on  the  prediction  of  high  frequencv'  performance  of  Sii-i-Ge^  HBT's. 
Fig.l  shows  the  doping  profile  of  a  simulated  SiGe  HBT.  Table  1  lists  different  choices 
of  transport  parameters  corresponding  to  different  transport  models  appearing  in  the 
literature.  The  so-called  "energy  transport(ET)”  model  advanced  by  Chen  et.al.[7] 
is  basically  similar  to  Stratton's  energy  balance  model[4].  Lee  and  Tang’s  model 
[8]  follows  an  idea  originally  proposed  bv’  Hansch  &  Miura-Mattausch[9].  A  recent 
model  proposed  bj-’  Tang  et.al.[2]  is  based  on  Monte  Carlo  data  calibration.  The 
model  designated  as  “ET-B"  is  a  special  case  of  the  ET-model  using  a  Baccarani- 
type  mobility.  Finalh’,  “SHDE”  refers  to  the  conventional  simplified  HD  model  in 
which  the  collision  moments  are  modeled  bv’  the  relaxation  time  approximation  using 
the  homogeneous  Monte  Carlo  data.  Fig. 2  shows  DC  current  gains  predicted  by 
the  different  HD  models.  The  variation  is  seen  as  much  as  200%  in  the  extreme 
case.  Fig. .3  shows  a  similar  variation  in  the  prediction  of  unity  current  gain  cutoff 
frequency,  /j,  by  the  different  HD  models.  Here,  the  range  of  variation  is  about  20%. 
The  physical  origin  of  these  variations  can  be  traced  to  different  modeling  of  the 
thermal  diffusion  component  of  current  density  and  the  energy- depen  dent  mobility. 
The  fx  is  highly  dependent  upon  the  competing  effects  between  the  thermal  diffusion 
and  the  nonlocal  phenomena  related  to  the  energy  relaxation.  Our  simulation  results 
indicate  that  some  kind  of  experimental  verification  for  the  proper  choice  of  HD  model 
is  urgenth'  called  for. 
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Figure  1:  Doping  profile 
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Table  1:  Models  for  \p  and  X^p 
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Figure  2:  DC  current  gain 


Figure  3:  Unity  current  gain  cut-off  frequency,  fj 
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1  Introduction 

As  increasingly  higher  blocking  voltage  of  some  thousand  Volts  and  higher  forward  current 
of  some  hundred  to  thousand  Amps  are  achieved  in  modern  power  semiconductor  devices, 
electrothermal  self-heating  and  heat  dissipation  has  become  a  crucial  problem  in  the  op¬ 
timization  of  the  device  operation,  especially  during  transient  switching.  For  the  detailed 
experimental  analysis  of  the  local  internal  distribution  of  temperature  and  carrier  flow,  a 
new  contactless  probing  technique,  the  internal  infrared  laser  deflection  method  [1],  has 
been  introduced.  On  the  basis  of  accurate  numerical  simulation,  a  correct  interpretation 
and  understanding  of  the  complicated  measurement  signal  can  be  obtained.  In  addition, 
the  experimental  results  allow  us  to  validate  and  calibrate  the  physical  models  for  electro¬ 
thermal  coupling  with  an  accuracy  such  that  predictive  modeling  of  the  device  operation 
and,  thereby,  computer-aided  design  optimization  becomes  practicable. 


2  Numerical  Modeling 

The  electrical  behavior  of  the  device  is  governed  by  Poisson  ^s  equation 

V  (eV^)  =q(n-p  +  NX-N+) 

and  the  particle  balances  for  the  mobile  charge  carriers  (electrons  and  holes) 
dn  1  ^ 

--  -  VJn  =  -R  and  —  +  -VJp  =  -R 

The  current  densities  are  driven  by  the  gradients  of  the  quasi-Fermi  potentials  (i.e.,  electrical 
drift  and  chemical  diffusion)  and  the  temperature  gradient  (thermal  diffusion): 

Jn  = -q  fin  n  (V$„  +  P„Vr)  and  Jp  = -qfipP  (v$p  -t-  PpVX) 

Using  the  principles  of  irreversible  thermodynamics,  heat  generation  and  conduction  in  a 
semiconductor  can  be  treated  consistently  with  the  drift-diffusion  model  [2],  yielding  the 
following  heat  flow  equation 

with  the  heat  generation  rate 


H  =  -V 


(*.  +  P„T)J„  +  (*,  +  p^T%\  +,(«„-  r^)  ^  -  !  (», 


dT 


dp 
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Evaluating  the  divergence  operator  in  the  above  equation  gives  four  terms  contributing 
to  the  total  heat  generation.  First,  the  Joule  heat  of  holes  and  electrons,  — ^  and 
respectively.  Second,  the  recombination  heat  gi?($p  +  TPp  -  -  TPn).  Third,  the  Pel¬ 

tier/Thomson  heat  —JpTVPp  —  JnTVPn  arising  from  the  spatial  variation  of  the  absolute 
thermoelectric  powers  Pp  and  P„,  and  fourth,  an  additional  positive  or  negative  heat  gener¬ 
ation  rate  caused  by  transient  variations  of  the  carrier  densities.  The  latter  contribution  can 
be  neglected  in  many  practical  situations.  The  numerical  results  presented  in  this  work  were 
calculated  using  the  general  purpose  device  simulator  DESSIS^^^,  with  the  electrothermal 
model  implemented  as  sketched  above. 

3  Measurement  Principle 

Absolute  carrier  concentration  and  temperature  gradients  have  been  determined  by  internal 
infrared  laser  deflection.  This  recently  presented  experimental  technique  [1]  exploits  the 
dependence  of  the  refractive  index  of  silicon  on  carrier  concentration  and  temperature.  A 
basic  sketch  of  the  experimental  setup  is  shown  in  Fig.  1. 


Parallel- 

shift 


Figure  1:  Sketch  of  the  experimental  setup 

Under  transient  switching  conditions,  both  the  injection  (or  removal)  of  carriers  and  a 
local  change  in  temperature  cause  a  local  modulation  of  the  refractive  index  which,  in  turn, 
deflects  the  focused  laser  beam.  The  internal  deflection  is  transformed  into  a  parallel  shift 
by  a  long  distance  objective.  From  the  parallel  shift  and  the  total  intensity  detected  by  a 
four  quadrant  photodiode  we  can  extract  carrier  concentration  and  temperature  gradient. 
Both  contributions  to  the  measured  signal  can  be  separated  due  to  their  widely  differing 
time  constants.  Vertical  profiles  of  carrier  density  and  temperature  are  obtained  by  shifting 
the  device  along  its  vertical  axis. 

4  Results 

4.1  Carrier  densities 

Fig.  2  shows  the  carrier  concentration  of  a  high  voltage  pin  diode  at  a  current  density 
of  150  The  measured  carrier  concentration  profile  in  the  weakly  doped  drift  region 
provides  valuable  information  about  emitter  efficencies  and  carrier  lifetimes,  which  is  needed 
for  the  calibration  of  the  physical  model  parameters. 
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4.2  Thermal  properties 

Fig.  3  shows  the  temperature  distribution  in  the  interior  of  the  pin  diode  after  turn-on. 
Our  simulation  reveals  that  the  local  maximum  in  the  bulk  of  the  device  is  caused  by  Joule 
heating  of  electrons  and  holes  in  the  drift  region,  whereas  the  temperature  increase  at  the 
anode  side  arises  from  recombination  heat  at  the  p+n'-junction. 


Figure  3:  Temperature  profile  after  turn-on  of  a  pin  diode 


Another  example  is  shown  in  Fig.  4.  Joule  heating  of  holes  and  electrons  in  the  channel 
region  and  in  the  bulk  of  the  IGBT  causes  the  most  significant  effect  on  the  temperature 
profile.  An  additional  contribution  originates  from  Peltier  heating  at  the  p+-  emitter  on  the 
rear  side,  which  is  negative  at  the  p+n'-junction  but  positive  at  the  p"'' /metal-junction. 
Although  the  present  version  of  the  simulator  DESSIS^^®  does  not  allow  for  the  surface 
Peltier  effect  at  the  p+ /metal-junction  (as  a  consequence  of  simplified  thermal  boundary 
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Depth  [micron] 

Figure  4:  Temperature  profile  in  the  bulk  of  a  1200  V  IGBT  after  turn-on 


conditions),  it  can  be  calculated  directly  from  the  thermoelectric  powers.  The  net  Peltier 
heating  of  15  ^  is  comparably  small  in  view  of  the  total  Joule  heating  of  280  but 
sufficient  to  cause  the  temperature  rise  at  the  rear  side. 

5  Conclusions 

Carrier  concentration  and  temperature  gradients  in  power  semiconductor  devices  can  be 
measured  using  the  recently  developed  method  of  internal  IR  laser  deflection.  Comparison 
of  experimental  data  and  simulation  provides  both  a  detailed  interpretation  of  the  measured 
signal  and  the  validation  of  the  physical  models.  It  shows  that  the  large  heat  dissipation 
rate  in  power  devices  requires  careful  and  accurate  thermal  modeling.  The  most  significant 
contribution  to  the  total  heat  dissipation  originates  from  Joule  heating  and  recombination 
heat.  Although  the  additional  contribution  introduced  by  the  Peltier  effect  is  relatively 
small,  it  can  be  detected  by  measuring  the  temperature  profile. 
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1.  Introduction 

The  Early  voltage  is  a  characteristic  quantity  that  can  describe  the  output  conductance 
and  the  load  drive  capability  of  bipolar  transistors  in  an  IC  environment.  It  is  therefore 
desirable  to  have  a  representative  Early  voltage  model  of  todays  advanced  devices.  Here 
we  provide  an  extension  of  the  thermionic  emission  expression  for  the  Early  voltage 
for  heterojunction  bipolar  transistors  (  HBTs)  including  quantum  mechanical  tunneling 
and  base  recombination  effects.  The  theoretical  model  is  based  on  a  single  flux  treatment 
of  the  carrier  transport  invoking  the  concise  notation  of  scattering  matrices.  is 

numerically  evaluated  under  the  WKB  quantum  mechanical  approximation  for  triangular 
and  parabolic  barriers.  The  temperature  dependence  of  the  Early  voltage  is  simulated 
numerically  and  compared  to  earlier  theoretical  Va  predictions  and  actual  experimental 
results  of  Va  in  heterojunction  bipolar  transistors.  This  is  the  most  extensive  model  yet 

prepared  and  includes  all  the  relevant  temperature  dependences  of  the  material 
parameters. 

11.  Theory 


Early  voltage  Va  is  defined  as  that  voltage  determined  from  an  asymptotic 
extrapolation  backwards  on  a  current-voltage  (  I-V)  characteristic  of  a  transistor  biased 
in  the  active  region.  In  the  linear  slope  approximation  we  are  implicitly  using  in  this 
Early  voltage  construction,  the  slope  Sjv  is  given  by. 


Sr/  =  aJc/9Vce|y  =  Jc(Va  +  Vee) 


WJV  —  WC/VTCCItt  —  JclVA  T  Vcc# 

^  (1)  =>  Vac  =  Jc/Sjv  -  Vcc  (2) 

This  graphically  determined  Early  voltage  we  notice  is  corrected  for  the  collector-emitter 


voltage  Vce  at  which  the  asymptote  is  identified.  We  define  this  graphically  corrected 
early  voltage  as  Vac  •  For  cases  where  the  slope  Sjy  is  gentle,  the  ratio  in  (2)  can  be 


very  substantial,  and  Va  approximated  by 


Vac  ®  Je/SjV  (3)  =»  Va  =  Jc/SjV  =  Jc  /  [3Jc/9VcelvbJ 

giving  the  slope  determined  Early  voltage  in  (4). 


(4) 


Early  voltage  may  be  evaluated  from  (4)  using  the  expression  for  the  base  current 
dependent  collector  flux  Fgn  =  -  J^/q  =  a3  -  b3  which  includes  quantum  mechanical 
tunneling.  33  and  b3  are  the  outgoing  and  incoming  flux  at  the  collector  end  of  the 


heterojunction  bipolar  transistor,  respectively.  The  electron  flux  is  [1]: 

Fen  =  MlFenl  -  MlFcnal  -  MlI(t)25Bb3 

The  first  term  in  (40)  represents  the  flux  contribution  without  the  injection  of  electrons 
from  the  collector  (i.e.,  b3  =  0),  the  second  term  Fgnaj  (  excluding  the  Mj  prefactor) 
the  coiitribution  from  collector  electron  injection  without  base  current  recombination,  and 
the  third  term  the  contribution  from  the  combined  collector  injection  and  base 
recombination  currents.  Fcnl  is  the  flux  without  either  the  injection  or  base 
recombination  currents.  Putting  this  into  (4)  gives 

Va®  =  Fcn/[aFc„/aVcElvbJ  *  ‘t*2SBb3/(tBai)]  x 
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III.  Numerical  Results 


Fig.  1  shows  the  experimental  I-V  characteristics  [2]  as  a  function  of  temperature  and 
the  calculated  for  graded  emitter-base  heterointerface  AlGaAs/GaAs  HBTs  for  base 
width  (a)  Wg  =  lOOOA  and  abrupt  narrow  base  (b)  Wg  =  50A.  Numerical  results  for 
using  a  classical  (  Fig.  2)  and  Roulston/Liou  [3],  [4]  (  Fig.  3)  formulations  for  different 
base  widths  yields  curves  (a)  and  (b).  Figs.  4  (a)  and  (b)  give  the  results  using  a 
Tanaka/Lundstrom  formulation  [5],  [6],  for  abrupt  HBTs  with  Wg  =  lOOOA  and  50A,  with 
conduction  band  discontinuities:  curves  (a)  -  (e)  AEc  =  230,  100,  20,  10  meV,  and  1  meV. 
Figs  5(a)  and  (b)  give  numerical  results  for  Early  voltage  including  quantum  mechanical 
tunneling  effects  for  abrupt  HBTs  with  Wg  =  lOOOA  and  50A,  with  conduction  band 
discontinuities:  curves  (a),  (c),  (e),  (f)  with  AEc  =  230,  100,  20,  10  meV  using  a  triangular 
barrier  approximation;  and  (b),  (d),  (f)  with  AEc  =  230,  100,  20  meV  using  a  parabolic 
barrier  approximation.  Finally,  Figs.  6(a)  and  (b)  show  the  numerical  results  for  Early 
voltage  including  quantum  mechanical  tunneling  and  base  recombination  effects  for 
abrupt  HBTs  with  Wg  =  lOOOA  and  50A,  with  conduction  band  discontinuity  given  by  the 
same  cases  as  in  Fig.  5. 

IV.  Conclusions 

Good  qualitative  agreement  between  the  classical  extension  of  the  Roulston/Liou  model 
and  experiment  is  observed  for  the  conventional  graded  emitter-base  HBT  Early  voltage 
temperature  dependence.  For  abrupt  HBTs,  the  Tanaka-Lundstrom  theory  predicts  the 
correct  temperature  dependence  for  the  Early  voltage  but  overestimates  the 
experimentally  observed  values  of  the  Early  voltage.  The  extended  theory  presented  in 
this  work  results  in  better  agreement  with  the  experimental  results  for  the  narrow  base 
HBT.  The  work  performed  here  indicates  that  the  effective  base-emitter  tunneling  barrier 
for  the  examined  HBT  structures  might  be  significantly  smaller  than  what  is  expected 
from  classical  considerations.  The  extended  theory  offers  a  more  accurate  calculation  for 
the  Early  voltage  and  correctly  predicts  the  observed  temperature  performance  of  an 
abrupt  heterojunction  narrow  base  HBT.  This  paper  has  demonstrated  that  it  is  feasible 
using  our  new  approach  to  include  both  quantum  mechanical  tunneling  and  base 
recombination  in  the  determination  of  the  Early  effect  in  HBTs. 
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We  assume  a  bipolar  DBRT  structure  with  perfect  interfaces,  and  restrict  ourselves  to 
direct  bandgap  materials  with  negligible  lattice  mismatch.  As  an  example,  the  structure 
of  the  DBRT  sample  used  in  our  calculation  is  specified  in  the  Table.  To  take  into  account 
the  diffusion  of  impurities  into  the  spacers,  we  introduce  two  10  A  wide  Error- function  tails 
of  impurity  concentration. 

We  include  in  our  model  only  the  electron  band  and  the  heavy  hole  band,  and  solve 
the  Schrodinger  equation  within  the  effective  mass  approximation.  To  obtain  the  selfcon- 
sistent  solution,  we  have  to  solve  eight  coupled  equations;  the  Schrddinger  equation  for 
electrons,  the  Schrodinger  equation  for  heavy  holes,  the  Poisson  equation  for  the  potential, 
the  electron  current  from  the  emitter  to  the  well,  the  electron  current  from  the  well  to  the 
collector,  the  electron  density  in  the  well,  the  hole  current  from  the  emitter  to  the  well, 
the  hole  current  from  the  well  to  the  collector,  the  hole  density  in  the  well,  and  the  rate 
equation  for  the  electron-hole  recombination.  The  DBRT  LED  is  optimized  according  to 
the  conditions  (1)  electrons  and  holes  simultaneously  resonant-tunnel  into  the  quantum 
well,  (2)  the  charge  carriers  are  entirely  trapped  in  the  well  as  the  only  light  source,  (3)  the 
device  operates  at  nearly  zero-field  condition,  and  (4)  the  electroluminescence  spectrum  is 
insensitive  to  temperatures. 

We  have  performed  a  theoretical  modeling  to  optimize  such  DBRT  LED  with  respect  to 
the  geometric  structures,  the  chemical  compositions,  and  the  doping  profiles.  All  physical 
parameters  are  calculated  from  first  principle,  except  the  electron-hole  recombination  rate 
which  is  treated  as  an  input  parameter.  Our  calculated  electroluminescence  spectrum  is 
proportional  to  the  I-V  characteristics.  By  shifting  the  threshold  bias  according  to  the 
temperature-dependent  energy  bandgap,  all  I-V 
curves  between  10  K  and  300  K  collapse  into  a 
single  spectrum,  which  is  shown  in  the  Figure. 

A  completely  automated  computer  code  has 
been  constructed  for  such  theoretical  modeling 
of  light  emitting  diodes. 


Electron  Emitter  2x10^^  n+->l/o.iiGao.89i4s  400A 
Spacer  un-doped  Alo.nGao.ssAs  50A 

Barrier  Alo.sGao.TAs  40^“ 

Well  GaAs  60A 

Barrier  Alo,3Gao.7As  40A 

Spacer  un-doped  Alo,o775Gao_9225As  50A 

Hole  Emitter  4xl0i»  p'*'-A/o.o775Gao.9225^g  400A 
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Introduction 

Traditionally,  simulation  of  microwave  circuits  employing  active  device  components 
(su^  as  MESFETs,  HBTs  and  HEMTs),  has  relied  almost  exclusively  on  the  utilization 
of  CW  I-V  and  S- parameter  characteristics.  The  data  from  these  continuous  wave 
measurements  is  then  used  in  the  parameter  extraction  process  to  help  arrive  at  an 
equivalent  circuit  representation  for  the  active  device.  Exclusive  reliance  on  such  data, 
however,  can  result  in  either  an  incomplete  and/  or  inaccurate  data  set.  In  particular,  on- 
wafer  CW  characterization  of  large  power  devices  is  almost  never  undertaken  (over  the 
complete  I-V  plane),  due  in  p^,  to  breakdown  and  thermal  run-away  (i.e.,  destructive) 
problems  resulting  from  the  higher  biasing  currents  and  voltages  used  in  typical  power 
operation.  Furthermore,  it  is  a  well  known  fact  that  CW  characterization,  and  particularly 
under  non-isothermal  conditions,  does  not  necessarily  reflect  the  true  microwave 
characteristics.  Over  the  past  few  years,  a  number  of  investigators  [1|-14]  have  reported 
the  use  of  pulsed  DC  or  pulsed  S-parameter  characterization  techniques  to  help  generate 
more^  accurate  device  models,  which  now  include  thermal  and/  or  dispersive  equivalent 
circuit  elements.  Even  with  these  new  set  of  measurements,  however,  CW  S-parameter 
measurements  are  very  rarely  (if  ever)  obtained  under  pulsed  DC  bias  operation.  In  this 
presentation,  we  will  report  on  a  unique  technique  that  incorporates  both  pulsed  DC 
biasing  techniques  with  CW  S-parameter  measurements.  Furthermore,  we  will  illustrate 
how  the  individual  vector  properties  of  the  modulated  S-parameters  (i.e.,  RelSll] 
ImlSl  1 J,  Re[S21],  Im[S21],  etc.)  can  be  used  to  extrapolate/interpret  the  isothermal  (i.e., 
no  heating),  CW  S-parameters. 


Experiment  &  Results 

The  experimental  setup  used  in  this  work  is  shown  in  Figure  1.  No  modifications  to  the 
HP  pulse  generator  or  network  analyzer  were  required/made.  The  tektronix  digital 
analyzer  was  used  only  to  accurately  set  the  gate  and  drain  pulsed  biases  and  timing 
sequence.  The  microwave  devices  under  test  were  multi-fingered,  0.5  um  X  200  um 


This  work  was  sponsored  by  the  Solid-State  Hlcctronics  Division  of  Wright  Laboratories,  W'PAFB,  Ohio 
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Prior  to  performing  the  pulsed  measurements,  standard  CW  S-parameter  measurements 

were  made  at  numerous  DC  biases  (from  Vds  =  0  -♦  8v  and  Vgs  =  -4.0  ->  03v).  The 
initial  bias  conditions  for  the  pulsed  measurements  were  with  the  device  in  the  "OFF" 
(pinched-off)  state.  That  is,  the  device  was  initially  biased  with  Vg=  -4.0v  and  Vd  =  Ov. 
Then,  the  device  was  biased  "ON"  to  some  predetermined  gate  and  drain  biases.  While  a 
number  of  different  gate  and  drain  biases  were  tried,  much  of  the  data  was  tabulated  at 
biases  that  showed  indication  of  thermal  heating  (  as  determined  by  "droop"  in  DC  Ids 
characteristics).  With  the  onset  of  the  gate  and  drain  pulses,  the  bias  levels  changed  from: 
Vg  =  -4.0v  =>  O.Ov  and  Vd  =  O.Ov  =>  5.0v.  The  changes  to  the  drain  and  gate  biases  were 
applied  simultaneously,  with  correspondingly  identical  pulse  widths  and  pulse  repetition 
frequencies  (PRF).  The  resultant  reflected  and/  or  transmitted  microwave  signal  (from  the 
DUT),  is  essentially  modulated  (see  Figure  2)  by  the  bias  to  the  device.  Inotherwords, 
while  the  device  is  biased  in  the  "ON"  state,  the  incident  microwave  signal(s)  (ie,  from 
DUT  and  back  to  the  HP  test  set),  represent  the  isothermal  (for  short  pulse  widths  and 
duty  cycles)  S-parameters  for  the  period  of  time  that  the  device  is  in  this  state.  A  similar 
analysis  would  apply  to  the  device  in  the  "OFF"  state.  However,  the  analysis  of  this 
measurement  is  somewhat  complicated  by  the  IF  band-pass  filter  (10  KHz)  of  the  HP 
network  analyzer  (see  Figure  2).  Nevertheless,  if  the  bias  pulse  repetition  frequency 
(PRF)  is  s  30  KHz,  the  resultant  spectral  response  is  a  continuous  wave  carrier,  whose 
microwave  signal  has  the  same  fundamental  frequency  as  the  original  source  signal,  but 
whose  amplitude  and  phase  represent  the  "scattered"  response  from  the  DUT  (see  Figure 
2).  Therefore,  during  the  network  analyzer  measurement  jjeriod  (for  non-swept  mode  ~ 
100  /^sec),  the  network  analyzer  averages  (i.e.,  sample  and  holds)  signals  associated  with 
the  two  different  biasing  states  (i.e.,  "ON"  and  "OFF")  of  the  device.  That  is,  the  resultant 
S-parameter  measurement  is  a  weighted  average  (with  duty  factor,  DF)  of  the  devices  S- 
parameters,  with  the  device  in  its  "ON"  and  "OFF"  states.  Assuming  little  or  no  thermal 
effects,  the  measured  S-parameters  can  be  accurately  described  by  the  following  linear 
relationship: 


Sij=  {SijON .  SijOFF}*DF  +  SyOFF  (1) 


Thus,  the  resultant  real  and  imaginary  components  of  the  S-parameter  phasors,  are 
linearly  related  to  the  biasing  duty  factor,  with  slope  determined  from  the  difference  in 
the  ON  and  OFF-state  S-parameters.  However,  the  aforementioned  assumption  assumes 
no  other  perturbations  to  the  measurements,  such  as  heating  effects.  Additional 
perturbations  to  this  linear  model,  would  most  likely  show  up  as  2nd  or  3rd-order 
polynomial  variations  in  the  fit  to  the  measured  S-parameter  data.  That  is,  if  the  non- 
isothermal  effects  due  to  heating  are  included,  the  functional  relationship  might  best  be 
described  by  the  following  non-linear  relation: 

Sij=  {SijON  -  SijOFF}*DF  +  SijOFF  +  |{T(DF)}  (2) 

A  sampling  of  the  results,  from  our  modulated  S-parameter  measurement  experiments,  is 
shown  in  Figure  3  (@  f  =  10  GHz,  Vg=0.0v  and  Vd  =  5v).  In  this  figure,  we  have  plotted 
both  the  real  and  imaginary  parts  of  S21  as  a  function  of  duty  cycle/factor.  In  these 
experiments,  the  pulse  widA  was  kept  constant  at  1  fisec,  while  the  period  was  varied 
accordingly  to  produce  duty  factors  ranging  from  approximately  1%  to  95%.  Measured  S- 
parameter  data,  with  duty  factors  below  20%  (i.e.,  isothermal)  were  fitted  to  linear  curves 
(e.g.,  equation  1)  with  remarkable  accuracy  (R  >  .9999).  If  one  then  extrapolates  these 
linear  curves  (for  low  DF)  to  where  the  DF  =1.0  (or  CW  operation),  it  is  our  contention 
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that  the  intercept,  with  either  the  real  or  imaginary  axis  for  Sn  represents  the  S’parameter 
values  for  isothermal  operation.  Deviations  from  linearity,  of  the  measured  S-parameters, 
become  apparent  under  operation  with  duty  factors  exceeding  50%.  The  actual  curve  fit 
to  the  measured  S21  data  is  a  second  order  polynomial.  Further,  and  as  a  check  on  the 
validity  of  our  measurements,  we  have  included  in  Figure  3,  the  S-parameter  values 
resultant  from  the  standard  CW  measurements.  Therefore,  it  is  our  belief  that  this  small 
(but  noticeable)  difference  between  the  linearly  extrapolated  and  CW  measured  S- 
parameter  values  is  a  direct  measure  of  the  effects  of  heating  due  to  biasing. 

Finally,  and  totally  independent  of  these  measurements,  CW  S-parameter  measurements 
were  made,  as  a  function  of  chuck  temperature  and  of  DC  bias  on  a  number  of  0.5  mm  X 
200  ^m  MESFETs.  Shown  in  Figure  4  are  the  measured  variations  in  the  real  and 
imaginary  parts  of  S21  with  vaiying  substrate  temperature.  The  "Bias  1"  curve  is  similar 
to  the  bias  conditions  used  in  the  modulated  S-parameter  experiments  previously 
described.  Comparing  the  results  from  Figure  3,  and  using  Figure  4  as  an  approximate 
temperature  "calibration  curve",  one  might  estimate  the  temperature  rise,  in  the  previous 
experiments,  to  be  approximately  20  C.  Interestingly  enough,  this  is  in  rough  agreement 
with  the  temperature  rise  calculated  using  thermal  resistance. 
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Backgating  and  light  sensitivity  are  the  most  significant  side-effects  in 
GaAs  MESFET’s  and  GaAs  VLSI.  For  the  devices  in  GaAs  VLSI  is  placed 
increasingly  near,  the  isolation  between  adjacent  devices  become  serious. 

It  is  well  known  that  the  GaAs  grown  by  molecular  beam  epitaxy  (MBE)  at 
low  substrate  temperature  of  200~250°C  (LT  MBE  GaAs)  can  be  used  as  a  buffer 
layer  to  eliminate  backgating  (or  sidegating)  and  light  sensitivity  in  GaAs 
MESFET'st‘5.  However,  the  insight  of  the  behavior  is  still  not  clearPl.  In  this  paper  we 
attempt  to  present  a  model  to  explain  the  light  sensitivity  phenomenon.  Three 
different  types  of  MESFET  devices.  A)  the  MESFET's  in  ion  implanted  active 
layer  (2x10*’  cm'^)  without  buffer  layer,  B)  the  MESFET's  in  Si  doped  epitaxial 
active  layer  (2x10*’  cm‘^)  upon  common  MBE  GaAs  buffer  layer,  and  C)  the 
MESFET’s  in  Si  doped  epitaxial  active  layer  (2x10*’  cm‘^)  upon  LT  MBE  GaAs 
buffer  layer,  were  fabricated  and  studied  in  detail. 

A  theoretical  model  describing  the  light  sensitivity  in  these  devices  is  given 
based  on  the  following  equations:  i)  the  Poission's  equation,  ii)  the  charge  neutrality 
equation,  and  iii)  the  electron  continuity  equation. 

LT  MBE  GaAs  samples  used  in  this  study  were  grown  by  Riber-32  MBE 
system  at  250°C  using  As  and  Ga  beam  flux  ratio  of  10  under  arsenic-stable  growth 
conditions.  A  1 000  Angstrom  GaAs  epilayer  was  first  grown  at  580°C,  and  then  the 
substrate  temperature  was  lowered  to  250°C,  while  continuing  to  grow  a  2pm-thick 
GaAs  layer,  the  growth  rate  was  about  Ipm/h.  The  epilayers  contain  an  excess  arsenic 
of  about  2.0%.  The  reflected  high-energy  electron  diffraction  (RHEED)  pattern 
observed  during  growth,  for  substrate  temperature  down  to  250°C,  indicated  that  the 
LT  MBE  GaAs  layers  are  high-crystalline  quality,  which  were  also  confirmed  by 
double-crystal  X-ray  diffraction  measurements  after  growth.  After  annealing  at  600°C 
for  30min.,a  0.3pm  Si-doped  active  layer  with  2xl0*’cm'^  and  0.05pm  highly  doped 
cap  layer  was  subsequently  grown  at  conventional  temperature. 

Three  kinds  of  MESFET's  shared  the  same  standard  1pm  process.  Ohmic 
contacts  on  n^  cap  layer  were  made  by  using  Ni/Ge/Au  metal.  The  drain-source 
spacing  was  5pm  and  5pm  spacing  between  the  MESFET  and  backgating  testing  pad 
was  designed.  Aluminum  gate  was  employed  after  etching  off  the  cap  layer  in  the 
gate  area,  the  gate  length  Lg  and  gate  width  Wg  were  1pm  and  100pm  respectively. 
The  pinch-off  voltage  was  controlled  by  meae?  of  active  layer  etching.  The  device 
structure  is  shown  in  Fig.  1 . 


Fig.  1.  Schematic  cross  section  of  three  types  of  device  structures 


in  the  dark 


in  the  dark 


in  the  dark  and  in  the  light 


A)  B)  C) 

Fig.2.  MESFET I characteristics:  The  uppermost  trace  in  figures  is  for  Vp=0V.  Subsequent 
traces  are  for  V  increment  of  -l.OV.  horizontal  scale:  1.0  V/div.,  A)  bulk  i-GaAs  device  with  an 
implantation  active  layer,  vertical  scale:  5mA/div,  B)  imdoped  GaAs  buffered  device,  vertical  scale: 
lOmA/div,  and  C)  LT  MBE  GaAs  buffered  device.  Vertical  scale:  lOmA/div 


DC  characteristics  of  three  kinds  of  devices  in  Fig.  2.  are  quite  different  in  the 
dark  and  in  the  light.  The  Rj  of  the  MESFET's  incorporating  the  LT  MBE  GaAs  buffer 
was  much  larger  than  that  of  the  other  two  structures.  Comparing  with  two  other 
devices,  the  was  increased  by  over  factors  of  10  and  100  by  using  the  LT  MBE 
GaAs  buffer  (typically,  the  Rd  of  500, 4000  and  50000  Q  for  type  A,  B  and  C).  The 
peak  transconductance  g„  of  MESFET  with  LT  MBE  GaAs  epilayer  was  also  higher 
than  that  of  the  other  structures  which  is  different  from  the  reports  in  literatures. 

The  devices  on  the  LT  MBE  GaAs  buffer  layer  show  neither  light  sensitivity  nor 
backgating,  as  illustrated  by  Fig.3.  In  order  to  check  the  backgating  effect,  a  sidegate 
spaced  5  pm  from  MESFET  was  designed.  The  MESFET  with  LT  MBE  GaAs  buffer 
layer  still  showed  no  backgating,  while  -20V  applied  to  the  sidegate  and  =2.5V. 

For  the  same  voltage,  of  the  conventional  MBE  GaAs  buffered  devices  was 
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reduced  by  80  percent  and  only  for  -  lOV  applied  to  the  sidegate,  of  the  ion 

implantation  devices  was  reduced  to  zero. 

In  this  paper,  we  proposed  an  one-dimensional  model  in  which  the  light 
sensitivity  of  devices  is  mainly  governed  by  the  space  charge  region-II,  and  a  little 
effect  is  contributed  by  region-I  in  active  layer  (see  Fig.  1).  To  better  understanding  the 
physical  origin  of  the  light  sensitivity  of  the  devices,  according  to  our  model,  the 
following  equations  must  be  solved 


bAn 

"aT 


-V-h„  +  G,-R„, 
Q 


(1) 


F( e  •  Fy>)  =  +  E  ( , 

.  .  all 
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Uv'^)/i,„(0) 


0  -5  -10  -15  V^^(V) 
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Fig.3.  Backgating  characteristics:  The  solid  lines  indicate  the  results  obtained  in  the  dark  and  the 
dashed  lines  in  the  light 


where  G„  is  the  generation  rate  for  electrons, 
R„  (R„=An/T,^  is  the  recombination  rate,  J^Anis 
the  excess  electron  current  density,  is  the 
excess  electron  life  time,  T  is  the  electrostatic 
potential,  s  is  the  permittivity,  e  is  the 
electronic  charge,  N^'  and  Nd'*’  are  the 
concentrations  of  ionized  acceptors  and 
donors,  N* and  N''’i3i3  are  the  concentrations 
of  ionized  acceptor-like  and  donor-like  traps, 
respectively.  At  the  equilibrium  condition,  the 
5An/5t  =  0.  Combining  the  charge  neutrality 
equation, 

it  is  easy  to  know  from  the  solutions  of  Eq.(l) 
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Fig.  4.  The  distribution  of  An  versus  x 
for  three  different  devices 


and  Eq.(2}  that  the  excess  carrier  life  time  plays  a  very  important  role  for  controlling 
the  light  sensitivity.  The  excess  electron  life  time  is  quite  different  for  three  kinds  of 
materials.  It  is  about  lO'^^sec.  in  the  LT  MBE  GaAs'^*  and  about  lO’^sec.  in  the 


conventional  MBE  GaAs  and  semi-insulating  GaAs.  Due  to  the  very  short  life  time  of 
excess  earner  in  LT  MBE  GaAs  buffer,  there  are  nearly  no  photo-induced  carriers  to 
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be  driven  to  active  layer.  From  the  solution  of  Eq.(l)  and  Eq.(2),  the  dependence  of 
the  photo-induced  excess  electron  concentrations  An  on  x  is  shown  in  Fig.  4. 

The  increment  of  drain  current  is  determined  by  substituting  Eq.(l)  and 
Eq.(2)  into  Eq.(3) 

dx  4n„(x)  dx,  (3) 

vq  -'d 

where  d  is  the  thickness  of  the  region-I,  and  the  initial  photon  flux  can  be  measured 
by  the  calibrated  detector.  Since  the  mobility  of  the  hole  is  much  smaller  than  that  of 
the  electron,  Ap  was  not  considered  in  the  model.  The  calculation  results 
demonstrated  that  is  about  7%  for  ion  implantation  devices,  3%  for 

conventional  MBE  buffered  devices  and  nearly  zero  for  LT  MBE  GaAs  buffered 
devices  respectively,  which  are  well  agreement  with  the  experimental  data. 

The  insight  of  backgating  effect  for  ion  implantation  and  conventional  MBE 
GaAs  buffer  layer  devices  can  be  easily  understood  according  to  electron  injection  into 
traps  in  the  substrate  and  active  layer^uffer  layer  interface^^^‘^^1  However,  for  the 
devices  with  LT  MBE  GaAs  buffer  layer,  the  mechanism  mentioned  above  is  on  longer 
valid.  Based  on  the  Warran's  Schottky  barrier  model  of  LT  MBE  GaAs,  we  present  a 
new  model  in  which  the  depleted  region  exists  in  the  whole  LT  MBE  GaAs  buffer 
layer  and  the  V^g  is  screened  by  the  metallic  As  precipitates  as  quantum  points  burred 
in  the  buffer  layer  which  are  similar  to  the  role  of  quantum  well.  That  is  why  no 
backgating  can  be  observed  for  LT  MBE  GaAs  buffered  devices.  The  density, 
diameter  and  spacing  of  the  As  precipitates  is  about  1.7x10*^  cm‘^,  6nm  and  18nm 
respectively  according  to  our  TEM  measurement.  The  details  of  this  model  will  be 
published  elsewhere. 

We  have  also  employed  LT  MBE  GaAs  technique  in  high  electron  mobility 
transistors  (HEMT's),  very  high  speed  GaAs  digital  integrated  circuits  (VHSIC's), 
analog  to  digital  converters(ADC's)  and  microwave  monolithic  integrated  circuits 
(MMIC's).  And  the  performances  were  highly  improved. 
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Introduction 


Elementaiy  sample-and-hold  functions  are  widely  used  in  advanced  analog  MOS  architectures  [1],  The 
sampling  function  is  generally  realized  by  the  storage  of  an  input  signal  on  a  capacitor  through  a  MOS  switch 
transistor.  The  holding  function  is  subsequently  performed  when  the  switch  is  turned  off.  However,  the  major 
limitation  of  this  basic  sample-and-hold  scheme  is  the  charge  disturbance  of  the  storage  node  related  to  the 
intrinsic  charge  released  from  the  channel  and  also  due  to  the  feedthrough  currents  from  the  gate  to  diffusion 
capacitances.  W^th  the  progress  of  low  voltage  submicron  technologies,  charge  injection  effects  play  an 
increasingly  important  role  and  constitutes  a  major  issue  for  the  design  of  high  precision  analog  circuits,  such 
as  A/D  converters  [2].  Conventional  analytical  compact  models  [3]  [4]  reveal  poor  prediction  capabilities  of 
the  charge  sharing  effects  during  fast  transient  because  based  on  the  quasi-static  (QS)  approximation.  Previous 
investigations  of  the  switch  charge  injection  problem  have  been  carried  out  through  analytical  and/or  first  order 
numerical  calculation  [5]  [6].  Their  domain  of  validity  is,  however,  limited  by  restrictive  conditions  on  the 
switching  speed. 

In  this  paper,  we  first  present  a  rigourous  two-dimensional  (2D)  analysis  of  the  charge  injection  effect 
using  mixed  device/circuit  simulations  [7].  We  subsequently  introduced  a  one-dimensional  (ID)  numerical 
MOSFET  model  suitable  for  circuit  simulations  in  terms  of  computational  burden.  It  is  shown  that  this  last 
approach  retains  the  same  advantages  than  2D  physical  analysis  :  continuity  over  all  operating  regimes  and 
non-quasi-static  (NQS)  description  of  the  charge  dynamics  without  any  restrictive  assumptions  on  the  charge 
partitioning  between  source  and  drain  terminals  [8]  [9]. 

Circuit  description 


The  circuit  schematic  corresponding  to  the  charge  injection  problem  is  a  simple  transmission  gate  loaded 
by  the  capacitance  Cl  as  shown  in  Fig.  1 .  and  Cj^  are  the  lumped  resistance  and  capacitance  associated 
with  the  rest  of  the  circuit.  The  data  holding  capacitance  Cl  was  set  to  1 .6  pF  and  the  pass  transistor  size  ratio 
was  W/L=3p.m/lp,m  implemented  in  a  Ipm  technology  [10].  The  input  resistance  was  first  considered  infi¬ 
nitely  large  to  allow  a  comparison  with  previous  analytical  investigations.  A  constant  falling  rate  ot  was 
assumed  for  the  command  of  the  MOS  switch.  Typical  falling  times  ranged  from  10  ps  to  110  ns  in  order  to 
analyze  the  charge  repartition  on  the  input  and  data  holding  nodes.  Universal  charts  present  the  charge  ratio 

Ql/Qg  as  a  function  of  the  dimensionless  quantity  (VGon-VTH-VL).(llCoxW/L/(a.CL))*^^  where  Ql  stands  for 
the  charge  released  on  the  data  holding  capacitance,  is  the  charge  stored  on  the  gate,  Vcon  =  5V  is  the  max¬ 
imum  gate  voltage  and  is  the  threshold  voltage  including  the  body  effect. 

2D  device/circuit  simulation  results 

The  charge  sharing  was  first  analyzed  for  a  gate  voltage  varying  from  V^on  to  the  threshold  Vj^+Vl  to 
follow  the  same  assumptions  used  in  previous  works  [5]  [11].  Fig.  2  presents  the  corresponding  charge  reparti¬ 
tion  for  different  values  of  the  Cl/Cjo  ratio.  The  observed  discrepancy  between  our  full  treatment  and  the  ana¬ 
lytical  results  remains  small  but  shows  the  impact  of  the  NQS  effects  on  the  charge  dynamics.  The  upper  curve 
in  Fig.  2  reveals  a  typical  error  of  2.5  %  on  the  prediction  of  the  charge  that  perturbates  the  data-holding  node. 
In  the  case  under  study,  this  results  in  a  voltage  deviation  of  350  pV  which  is  much  larger  than  the  resolution 
required  for  high  precision  analog  functions.  For  instance,  a  resolution  of  45  pV  is  needed  for  a  16  bit  A/D 
conversion  under  a  supply  voltage  of  3  V.  Fig.  3  presents  the  charge  repartition  normalized  to  the  total  charge 
flowing  to  the  source  and  drain  terminals  AQL+AQjn  for  a  gate  voltage  ranging  from  Vcon  to  OV.  The  rigourous 
numerical  treatment  still  differs  signiflcantly  from  the  analytical  solution  that  overlooks  the  coupling  through 
the  overlap  capacitances  which  is  the  predominant  effect  in  the  subthreshold  gate  voltage  range.  In  that  case,  an 
error  as  high  as  7.5%  can  be  observed  which  corresponds  to  a  voltage  deviation  of  1  mV  on  the  data-holding 
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node.  Fig.  4  shows  the  influence  of  a  finite  value  of  the  input  resistance  Rjn  on  the  charge  repartition.  As  long 
as  the  time  constant  Rin-Cjn  remains  large  with  respect  to  the  fall  time,  the  charge  stored  on  Cl  does  not  vary.  A 
decrease  of  the  source  resistance  contributes  effectively  to  the  reduction  of  the  charge  perturbation  on  the  load 
capacitance.  Finally,  the  AQl/AQq  ratio  levels  off  to  a  minimum  value  for  small  input  resistances  as  the  input 
circuit  behaves  as  a  ideal  voltage  source.  Fig.  5  and  6  show  the  time  dependent  variations  of  the  load  and  input 
currents  corresponding  to  a  fall  time  of  1  ns  and  10  ps,  respectively.  It  is  clearly  observed  that  the  charging  cur¬ 
rents  flowing  to  the  source  and  drain  nodes  converge  to  the  same  waveform  when  the  fall  time  is  reduced. 

A  new  CAD  model  for  circuit  simulation  :  comparison  to  BSIM3 

2D  numerical  simulations  are  accurate,  but  require  excessive  CPU  times  within  the  context  of  circuit 
design.  To  obtain  the  same  accuracy,  we  have  developed  an  efficient  ID  CAD-oriented  model  continuous  over 
all  operating  regimes  suitable  for  long  and  short  channel  devices.  In  addition,  the  NQS  charge  redistribution  is 
implicitly  taken  into  account.  This  model  is  based  on  a  rapid  numerical  resolution  where  Poisson  and  the  cur¬ 
rent  continuity  equations  are  consistently  solved  using  a  newton  method  [12].  This  model  was  coded  in  C  and 
introduced  in  the  FT  DO  circuit  simulator  [13]  which  retains  the  same  functionality  than  SPICE.  The  compari¬ 
son  between  our  new  MOSFET  model,  BSIM3  and  2D  simulations  is  given  in  Fig.  7  for  the  fast  tum-on  of  a 
single  device  in  linear  regime.  The  currents  given  by  BSIM3  are  strongly  disturbed  due  to  charge  discontinui¬ 
ties  and  to  the  inappropriate  channel  charge  partitioning  for  a  gate  voltage  close  to  the  threshold.  In  contrast, 
the  currents  given  by  our  model  follow  the  smooth  variations  of  2D  simulations.  In  the  case  of  the  complete 
circuit  of  Fig.  1  transient  currents  are  shown  in  Fig.  8  and  9.  Although  small  discrepancies  still  exist  in  the  sub¬ 
threshold  region,  our  new  model  does  not  exhibit  unphysical  current  spikes,  typical  of  QS  charge  based  models 
like  BSIM3.  The  same  conclusions  can  be  drawn  from  Fig.  10  and  11  that  present  the  input  (Ijn)  and  load  (II) 
currents  of  the  MOS  switch  for  different  loading  conditions  (CL/Cjj,  =  1,  3,  10,  100).  Finally  Fig.  12  and  13 
present  the  time-dependent  variations  of  the  voltage  pertubations  induced  on  the  data  holding  node  (Vl)  and  on 
the  input  node  (¥;„).  It  is  clearly  shown  that  a  QS  model  like  BSIM3  overestimates  the  voltage  deviation  under 
fast  transient  conditions  for  which  QS  operations  is  violated. 

Conclusion 

Charge  injection  has  been  investigated  by  accurate  2D  numerical  simulations  of  the  transport  equations 
that  implicitly  take  into  account  small  geometry  effects  and  the  non-quasi-static  nature  of  the  charge  dynamics. 
An  efficient  CAD-oriented  NQS  MOSFET  model  for  circuit  applications  has  been  developed  and  compared  to 
results  of  2D  and  BSIM3  simulations.  This  model,  implemented  in  the  circuit  simulator  ELDO  proved  to  be 
very  useful  for  the  simulation  of  critical  part  of  large  analog  circuits,  and  does  not  require  an  excessive  extra 
computational  burden  (10%  to  300%)  depending  on  circuits  size  and  complexity. 
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W/L=3fim/1pm,  Cg^b  =  2.8*10^  tox=10nm 
Fig  1 :  Circuit  analysis  for  charge  injection 


Fig  3:  Percentage  of  injected  charges  on  the  load  capacitance 
(P  =  fi.Cox.W/L ;  a  =  slope  of  Vq) 


(p  =  ^,Cox.W/L ;  a  =  slope  of  Vq  ;  tfan  =  1  ns;  Rm  =  ‘«) 


Fig  2:  Percentage  of  injected  charges  on  the  load  capacitance 
(p  =  p.Cox  .W/L ;  a  =  slope  of  Vq) 


Rin 

Rg  4:  Percentage  of  injected  charges  on  the  load  capacitance  versus  input 


resistance :  =  0.5 


Rg  6:  Currents  for :  ( x  =  0.05 

(P  =  ^-Cox-W/L ;  a  =  slope  of  Vg ;  tfai,  =  10  ps; 
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Fig  7:  Transient  source  and  drain  currents  during  switch-off 
in  linear  regime  :  (a)  1 D  numerical  model  (b)  BSIM3 


Fig  8:  Transient  gate,  drain,  source  and  bulk  currents  during  the 
switch-off  (tfaii  =  1ns;  CL/Cjn  =  100;  Rjp  =  10MQ) 


Rg  9:  Transient  gate,  drain,  source  and  bulk  currents  during  the 
switch-off  (tfaii  =  Ins;  CL/Cjn  =  100;  Rjn  =  lOMCl) 


Fig  1 0:  Comparison  of  the  input  current  for  the  1 D  numerical 
model  and  the  BSIM3  model  (tfaH  =  1ns;  Rjn  =  lOMQ) 


Fig  11;  Comparison  of  the  load  current  for  the  1D  numerical 
model  and  the  BSIM3  model  (tfan  =  Ins;  Rjp  =  10MO) 


Fig  12:  Error  voltage  on  capacitance  Cl  during  a  Fig  13:  Error  voltage  on  capacitance  Cj^  during  a 

switch-off  variation  of  gate  voltage  (tfan  =  Ins;  Rjn  =  lOMO)  switch-off  variation  of  gate  voltage  (tfan  =  Ins;  Rjn  =  lOMQ) 


Analytical  Investigation  of  Electrical  Performance  of  III-V 
Semiconductor  Metal-Insulator-Semiconductor  Field-Effect 

Transistors 
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An  analytical  model  for  the  drain  current  characteristics  and  related  properties 
of  an  n-channel  MISFET  is  developed.  For  this,  an  approximation  leading  to  a 
two-dimensional  analytical  potential  is  used.  In  order  to  calculate  the 
potential  created  by  the  gate,  the  Poisson's  equation  is  rewritten  to  a  form 
amenable  to  analytical  modelling.  Taking  difiusion  and  velocity  saturation  in 
the  chaimel  into  account,  the  current  resulting  from  apphed  drain  and  gate 
biases  is  then  modelled.  This  model  is  used  to  compare  ideal  properties  of 
GaAs/Si3N4  MISFET  to  those  of  Si/Si02  MOSFET.  For  all  of  them  the 
channel  doping  concentration  was  chosen  to  be  10^6  cm"^.  The  variation  of 
the  calculated  drain-source  current  as  a  function  of  drain-source  voltage  for 
GaAs  and  InGaAs  MISFETs  and  of  Si  MOSFET  is  shown  in  Fig.  1.  The 
channel  length  for  all  of  them  were  5  microns,  and  the  gate  voltages  1  and  3 
V,  respectively.  InGaAs  MISFETs  showed  the  best  performance.  The 
calculated  variation  of  transconductance  with  the  applied  gate  bias  is  shown 
for  InGaAs  and  GaAs  MISFETs  and  Si  MOSFETs  in  Fig.  2.  For  all  of  them, 
the  drain-source  voltage  was  1  V,  and  the  channel  length  was  1  micron.  The 
insulator  thickness  was  100  A  and  200  A,  respectively.  Again,  the  InGaAs 
MISFETs  showed  the  best  performance. 
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Fig.2  Transconductance  as  a  function  of  Vgm  for  different  delta  for  InGaAs 
GaAs  and  Si. 
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Abstract — Two  sidewall  gate  transistors,  the  2-D 
MESFET  and  the  3-D  MESFET,  are  compared. 
The  2-D  MESFET  is  formed  by  electroplating 
Pt/Au  onto  the  side  of  an  AlGaAs/InGaAs/GaAs 
heterostructure,  while  the  3-D  MESFET  utilizes 
the  same  gate  process  but  with  an  ion-implanted, 
bulk  n-GaAs  material  structure.  DC  VW  mea¬ 
surements  are  performed  on  each  device.  The 
results  suggest  that  both  of  these  side-gated 
FETs  are  promising  candidates  for  low  power 
electronics  applications.  Gate  current  measure¬ 
ments  reveal  that  the  effective  Schottky  barrier 
height  is  comparable  in  each  device.  Tempera¬ 
ture  measurements  of  both  sidewall  gate  FETs 
are  also  performed. 


I.  Introduction 

Recently,  a  new  sidewall  gate  transistor  technology, 
based  on  the  heterodimensional  3-d  metal/2-d 
electron  gas  Schottky  junction  [1,  2],  has  been 
reported  [3-7].  A  schematic  of  one  such  side-gated 
transistor,  the  2-D  MESFET,  is  shown  in  Fig.  1. 
The  2-D  MESFET  utilizes  Schottky  contacts  on 
either  side  of  an  AlGaAs/InGaAs/GaAs  hetero- 
structure.  One  of  the  principle  advantages  of  this 
device  is  that  the  narrow  channel  effect  (NCE),  in 
which  charges  at  the  edges  of  the  channel  in  a  top¬ 
gated  structure  contribute  to  parasitic  currents  as 
the  gate  width  decreases,  is  eliminated  by  the 
unique  sidewall  gate  geometry.  This  permits  width 
scaling  to  submicron  dimensions  without 
degradation  of  the  electrical  characteristics;  in  fact, 
the  current/voltage  characteristics  of  the  2-D 
MESFET  actually  improve  with  shorter  gate  widths 
[5].  Coupled  with  the  high-speed  characteristics  of 
GaAs  devices,  this  new  device  technology  is  a 
promising  candidate  for  future  low  power 
electronics  applications. 

In  this  paper,  we  investigate  a  new  sidewall  gate 
FET  fabricated  on  ion-implanted,  bulk  n-GaAs 
material  and  compare  this  new  device  to  the  2-D 
MESFET.  The  bulk  n-GaAs  side-gated  FET,  or  3- 
D  MESFET,  represents  the  middle  ground  between 
conventional  MESFETs  and  the  heterodimensional 
2-D  MESFET.  The  new  device  utilizes  the  same 
geometry  as  the  2-D  MESroT  and  therefore 
experiences  no  deterioration  due  to  the  NCE  at  sub¬ 
micron  widths.  However,  the  bulk  n-GaAs  material 
structure,  while  being  cheaper  to  fabricate,  does  not 
have  some  of  the  inherent  advantages  of  the  2-D 
MESFET,  such  as  the  high  mobility  of  the  InGaAs 


channel  and  the  low-capacitive  interface  between 
the  3d  Schottky  gates  and  the  2d  electron  gas. 

The  focus  of  this  paper  is  to  compare  the  ion- 
implanted  3-D  MESFET  to  the  pulse-doped  2-D 
MESFET.  Specifically,  we  compare  and  contrast 
the  fabrication  details,  DC  current/voltage 
measurements,  effective  Schottky  barrier  heights, 
and  temperature  characteristics  of  the  2-D 
MESFET  and  the  3-D  MESFET. 


n.  Fabrication 

The  fabrication  processes  of  the  3-D  MESFET  and 
the  2-D  MESFET  are  nearly  identical.  The  layout 
of  the  bulk  n-GaAs  FET  is  the  same  as  shown 
schematically  in  Fig.  1  for  the  2-D  MESFET. 
Prototype  3-D  MESI%Ts  were  fabricated  on  n-type 
GaAs  material  having  a  buried  Be-doped  p-layer 
(1.5x10*2  cm'2  at  150  keV)  and  a  7x10*2  cm-2  Si 
channel  implanted  at  40  keV.  After  activation,  the 
wafer  was  Hg  probed  and  found  to  have  a  doping  of 

3x10^^  cm'^  down  to  a  depth  of  approximately  800 
A.  This  value  corresponds  to  a  sheet  density  of  ~ 

2x10^^  cm"^,  which  is  the  same  as  the  sheet  density 
in  the  MBE  material  used  to  fabricate  hetero¬ 
dimensional  2-D  MESFETs.  Ni/Ge/Au  ohmic 
contacts  were  formed  using  standard  contact  UV 
lithography  and  evaporation/lift-off  techniques. 
The  gate  pattern  was  defined  using  electron  beam 
lithography.  The  electron  beam  resist  served  as  the 


Fig.  L  Top  view  and  cross  section  of  2-D  and  S-D 
side-gated  FETs. 
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mask  for  the  gate  electroplating.  The  Pt/Au  gates 
were  deposited  into  the  gate  trench  using  capacitor 
discharge  electroplating.  Cr/Au  contact  pads  were 
evaporated  on  the  wafer  and  a  wet  etch  was  used  to 
isolate  the  ohmic  and  Schottky  pads.  The 
remaining  fabrication  details  for  the  3-D  MESFET 
are  identical  to  those  for  the  2-D  MESFET  and  can 
be  found  in  [3, 4, 6].  The  sequential  layers  of  the  2- 
D  MESFET  structure  above  the  semi-insulating 
GaAs  substrate  include  a  5000  A  undoped  GaAs 
buffer,  a  120  A  undoped  Iuq  2Ga()  gAs  channel,  a  50 
A  undoped  Alo.25GaO  75AS  spacer,  a  6-doped  layer 
(ng  =  3x10^^  cm*^),  a  300  A  n-type  Alo  25GaO  75AS 

layer  doped  to  5  x  10^^  cm‘^,  and  a  40  A  n'*'  GaAs 
cap  layer.  For  both  devices,  the  gate-to-gate  widths 
Wq  were  in  the  range  0.5- 1.0  |Lim,  the  gate  lengths 
Lg  in  the  range  0.2- 1.0  [im,  and  the  drain-to-source 
lengths  Ljs  were  about  3  |im.  Both  gates  were 
electrically  connected  in  the  measurements 
discussed  here;  however,  multi-gate  inputs  may  be 
used  for  higher  functionality,  as  described  by  J. 
Robertson,  et  al,  elsewhere  in  these  proceedings. 


Fig.  2.  1^  vs.  for  0.5  x  0.5  \im  3-D 
MESFET  (bulk  n-GoAs  device). 


Fig.  3.  V5.  Vgs  for  0.5  x  0.5  lim  3-D 

MESFET  (bulk  n-GoAs  device). 


nL  Results 

Room  temperature  device  measurements  of  the  2-D 
MESFET  and  the  3-D  MESFET  were  performed 
using  a  Micromanipulator  7000  probe  station  and 
an  HP4145  parameter  analyzer.  Table  1  presents 
the  measured  parameters  of  a  representative  1.0  x 
1.0  |xm  (Wq  X  Lg)  and  0.5  x  0.5  |im  2-D  MESFET 
and  3-D  MESFET.  The  VW  data  for  the  0.5  x  0.5 
|im  devices  are  plotted  in  Figures  2-7.  The  gate 
pattern  for  these  devices  was  defined  in  the  same 
fabrication  run  and  therefore  the  channel 
dimensions  of  the  two  devices  are  identical.  Since 
the  electron  concentrations  in  the  channel  of  each 
FET  are  also  equivalent  (ng  ~  2x10^^  cm'^),  the 
only  significant  difference  between  the  two  devices 
is  the  material  structure. 

The  1.0  X  1.0  lim  3-D  MESFET  is  characterized  by 
a  large  negative  threshold  voltage,  high  reverse  bias 
leakage  current,  and  a  large  DBBL  voltage  shift. 
Compared  to  the  bulk  n-GaAs  device,  the  1.0  x  1.0 
[im  2-D  MESFET  has  a  less  negative  threshold 
voltage,  lower  leakage  current,  and  a  smaller  DIBL 
shift.  Also,  there  is  proportionally  a  larger  change 


Fig.  4.  vs.  V^for  0.5  x  0.5  \im  2-D  MESFET. 
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Fig,  6.  Ig  and  v^.  Vg^for  0.5  x  0.5  \im  3-D 
MESFET. 


Fig.  7.  Ig  and  g^  Vg^for  0.5  x  0.5  lim  2-D 
MESFET. 


in  the  peak  transconductance  of  the  2-D  MESFET 
compared  to  the  3-D  MESFET  when  scaling  from 
LO  |im  channel  dimensions  to  0.5  p,m  dimensions. 
On  the  other  hand,  the  electrical  characteristics  of 
the  0.5  X  0.5  fim  bulk  n-GaAs  FET  (Figs.  2,  3,  and 
6)  and  the  0.5  x  0.5  ]xm  2-D  MEFSET  (Figs.  4,  5, 
and  7)  are  nearly  identical.  Also,  the  transcon¬ 
ductance  of  each  0.5  x  0.5  |im  device  is  flat  over  a 
large  range  of  gate  bias  values.  Together,  this 
illustrates  that  the  electrical  characteristics  of  both 
of  these  sidewall  gate  FETs  improve  upon  scaling 
to  smaller  submicron  channel  dimensions. 


The  effective  Schottky  barrier  heights  of  the 
sidewall  gates  were  extracted  for  the  3-D  MESFET 
and  the  2-D  MESFET  using  the  gate  current  data 
shown  in  Figs.  6  and  7,  respectively,  and  the 
following  expression  (see,  for  example,  [8]): 


Jg  = 


exp 


(1) 


where  Jg  is  the  gate  saturation  current  density,  A*  is 
the  effective  Richardson  constant,  Tg  is  the 
temperature  on  the  source  side  of  the  channel,  kg  is 
Boltzmann’s  constant,  and  ^  is  the  barrier  height. 
The  area  for  each  contact  was  taken  as  the  product 
of  the  gate  perimeter  and  the  channel  thickness  (3.5 
|im  X  800  A  for  the  3-D  MESFET  and  5  pm  x  200 
A  for  the  2-D  MESFET).  The  extracted  Schottky 
barrier  height  was  0.67  eV  for  both  the  ion- 
implanted  raT  and  the  2-D  MESFET.  Typically, 
InGaAs  has  a  significantly  lower  barrier  height  than 
GaAs.  Since  the  extracted  barrier  heights  are 
identical,  we  conclude  that  there  is  enhancement  of 
the  effective  barrier  height  in  the  2-D  MESFET  due 
to  the  heterodimensional  3d/2d  junction. 

There  are  three  aspects  of  the  2-D  MESFET’s 
electrical  characteristics  that,  independent  of 
channel  dimensions,  indicate  a  potential  for  better 
low-power  performance  than  the  3-D  MESFET. 


First,  the  knee  voltage  of  the  2-D  MESFET  was 
lower  than  that  of  the  ion-implanted  devices  by  0.1- 
0.2  V  for  all  channel  dimensions.  Second,  the  2-D 
MESFET  consistently  had  a  lower  output 
conductance.  For  the  0.5  x  0.5  pm  device,  the 
output  conductance  of  the  2-D  MESFET  was  0 
while  that  of  the  3-D  MESFET  was  2.2  pAA^. 
Third,  the  DIBL  voltage  shift  was  smaller  in  the 
heterodimensional  device  than  the  bulk-doped 
device  for  all  channel  widths.  However,  the  ion- 
implanted  device  has  the  advantage  that  it  does  not 
require  MBE  growth  and  is  therefore  cheaper  to 
manufacture.  Either  approach  should  lead  to 
improved  low  power  performance  due  to 
elimination  of  the  NCE. 


IV.  High  Temperature  Measurements 

The  measured  drain  current  characteristics  of  the  3- 
D  MESFET  are  plotted  versus  gate-source  voltage 
in  Fig.  8  for  different  temperatures.  The  threshold 
voltage  of  the  device  varies  according  to: 

V^=V^^^2K(T-T^)  (2)- 

where  K-  1.4  mV/K  [9]  (the  factor  of  2  is  due  to 
the  dual  gates).  This  temperature  dependent 
threshold  voltage  shift  is  the  same  as  for 
conventional  GaAs  MESFETs.  The  2-D  MESFET, 
on  the  other  hand,  has  no  measurable  temperature 
dependent  shift  in  the  threshold  voltage  [10].  The 
much  weaker  temperature  dependence  of  the  2-D 
MESFET  is  due  to  a  nearly  temperature 
independent  built-in  voltage  related  to  the 
degeneracy  of  the  two-dimensional  electron  gas. 
The  low-field  mobility  in  the  2-D  MESFET  also 
exhibits  much  less  degradation  than  conventional 
MESFETs  and  the  3-D  MESFET.  This  is  due  to  a 
more  effective  screening  of  impurity  scattering  by 
the  two-dimensional  electron  gas  [10]. 
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Fig.  8.  vs.  Vg^  characteristics  of  the  3-D 
MESFETfor  T=25,  75,  and  125  ‘C. 


V.  Summary 

Two  sidewall  gate  transistors,  the  hetero- 
dimensional  2-D  MESFET  and  an  ion-implanted  3- 
D  MESFET,  were  described.  The  2-D  MESFET 
has  the  advantage  of  a  high  mobility  InGaAs 
channel  and  low  capacitance  due  to  the  3d  metal/2d 
electron  gas  interface,  while  the  3-D  MESFET  is 
cheaper  to  fabricate.  The  NCE  is  eliminated  in  both 
of  these  FETs  due  to  the  unique  sidewall  gate 
geometry.  The  electrical  characteristics  of  both 
devices  are  similar,  especially  at  submicron 
dimensions.  The  2-D  MESFET  has  lower  knee 
voltage,  lower  output  conductance,  smaller  DIBL 
shift,  higher  average  transconductance,  and  a 
smaller  threshold  voltage  temperature  dependence 
than  the  bulk  device.  Also,  the  extracted  Schottky 
barrier  heights  were  found  to  be  identical  for  both 
devices,  indicating  that  there  is  enhancement  of  the 
effective  Schott^  barrier  height  in  the  2-D 
MESFET.  Overall,  the  similarities  between  the  two 
devices  indicate  that  it  is  possible  to  combine  the 
idea  of  the  sidewall  gate  2-D  MESFET  with  a  more 
conventional,  ion-implanted  technology.  Both  the 
2-D  MESFET  and  the  3-D  MES^T  appear 
promising  for  low  power  electronics  applications 
and  further  study  of  each  is  needed. 
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Table  1:  Representative  2-D  MESFET  and  3-D  MESFET  parameters 


device 

type 

WoxLg 

(pm) 

Vt(V) 

^max  (M^^) 

Snm 

((iS) 

iileak 

(nA) 

^g,leak 

(nA) 

Vk„ee(V) 

sub-slope 

(mV/dec) 

DIBL 
shift  (V) 

2-D 

1.0  X  1.0 

-1,7 

318 

172 

19 

25 

0.53 

117 

0.18 

3-D 

1.0  X  1.0 

-4.1 

310 

114 

335 

466 

NA 

385 

0.35 

2-D 

0.5  X  0.5 

-1.1 

165 

112 

3.7 

5.3 

0.35 

83 

.05 

3-D 

0.5  X  0.5 

-1.1 

148 

118 

3.8 

4 

0.5  ! 

87 

0.13 
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Coplanar-Strip  Geometry  Multiple-Quantum- Well 
Heterostructure  Devices 
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Multiple-quantum-well  heterostructures  exhibit  a  variety  of  nonlinear  conduction 
properties  which  are  of  interest  for  high-speed  device  applications.  Conduction 
measurements  on  channel  devices  employing  a  variety  of  multiple-quantum-well 
sequences  have  shown  nonlinear  behavior  and  negative  differential  conductivity  in  low- 
frequency  and  high-frequency  measurements  of  terminal  device  characteristics  [1].  The 
responses  thus  acquired  are  typically  frequency-limited  by  the  parasitic  elements 
associated  with  discrete  device  designs.  This  makes  it  difficult  to  experimentally  identify 
the  frequency  limitations  that  are  due  to  the  carrier  transport  properties  of  the  intrinsic 
heterostructure. 

A  novel  device  design  utilizing  an  oxide-isolated  coplanar-strip  transmission  line  has 
been  used  to  measure  the  microwave-frequency  properties  of  conduction  nonlinearities  in 
multiple-quantum-well  heterostructure  devices  in  a  manner  which  avoids  the  discrete 
design  parasitics  associated  with  conventional  measurement  approaches.  The  dc-bias 
contacts  and  conduction  channel  structures  are  isolated  from  the  microwave  coplanar- 
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Fig.  1.  Coplanar-strip  devices  for  current  injection  a)  parallel  and 
b)  perpendicular  to  the  plane  of  growth.  Cross  sections  through  the 
center  of  the  devices  are  shown  below  each  diagram. 
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strip  device  stractures  by  means  of  a  300-nm-thick  oxide  layer.  The  only  interaction 
between  the  dc-bias  device  structures  and  the  coplanar-strip  device  structures  is  via  the 
common  substrate.  Changes  in  the  substrate  properties  with  respect  to  the  coplanar  strip 
that  are  induced  by  the  dc  biasing  of  the  substrate  can  be  determined  through  this 
interaction.  This  arrangement  allows  one  to  independently  design  the  coplanar  structures, 
using  physical  dimensions  that  are  optimal  for  a  50-ohm-referenced  measurement,  and 
independently  design  the  dc-biasing  device  structures  without  concern  for  the 
introduction  of  additional  microwave  parasitics  that  would  be  present  in  a  more 
conventional  terminal  configuration.  Two  basic  device  styles  are  employed  for  these 
measurements.  These  are  shown  in  Fig.  1.  The  type  shown  in  Fig.  la  is  used  in 
conjunction  with  heterostructures  typically  grown  on  semi-insulating  substrates  and 
requiring  current  flow  parallel  to  the  sample  surface.  The  style  depicted  in  Fig.  lb  is 
associated  with  samples  requiring  current  injection  perpendicular  to  the  surface.  Both 
device  styles  occupy  a  substrate  area  of  700  microns  by  700  microns.  Although  the  dc- 
biasing  structures  differ  greatly  in  geometry,  the  coplanar-strip  portions  of  these  devices 
are  identical  and  exhibit  practically  identical  zero-bias  behavior. 

A  number  of  devices  have  been  constructed  and  tested  for  various  heterostructures.  The 
best  data  has  been  obtained  from  devices  fabricated  in  the  form  of  Fig.  la  [2].  Because  of 
the  insulating  oxide  layer,  it  is  expected  that  a  simple  lumped-element  model  of  the 
coplanar  strip  would  be  dominated  by  a  series  capacitor.  This  leads  to  the  conclusion  that 
any  conductivity  changes  in  the  multiple-quantum  wells  will  be  most  strongly  observed 
in  open-circuit  reflection  measurements.  Fig.  2  shows  the  results  of  such  measurements 
made  in  the  frequency  range  from  50  MHz  to  10  GHz.  At  low  frequencies,  nearly  all  of 
the  signal  is  reflected,  resulting  in  data  points  near  the  open-circuit  point  on  the  Smith 
Chart.  This  is  expected,  since  the  oxide  layer  is  capacitive  in  its  effect  and  presents  a 
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Fig.  2  Reflection  data  for  low  (0  volts)  and  high  (40  volts)  dc  bias 
levels  over  the  frequency  range  from  50  MHz  to  10  GHz. 


84 


i 


90 


270 


Fig.  3.  Equivalent  circuit  best  fit  to  data  for  low  (0  V)  and  high 
(45  V)  bias  levels  for  the  frequency  range  spanning  50  MHz  to  12 
GHz. 

high  series  impedance  which  reduces  the  interaction  with  the  quantum-well  layers  at  low 
frequencies.  As  the  excitation  frequency  is  increased,  the  data  points  move  toward  the 
center  of  the  chart.  Equivalent-circuit-element  values  representing  the  data  sets  for  a 
range  of  applied  bias  conditions  have  been  determined.  The  calculated  response  obtained 
from  the  equivalent-circuit  model  is  shown  as  a  smooth  line  overlying  the  data  curves  of 
Fig.  2.  The  bias  dependencies  of  the  variable  resistance  and  capacitance  are  consistent 
with  the  dc  and  low-frequency  results,  which  are  assumed  to  originate  from  interactions 
between  the  heated  electron  populations  in  adjacent  quantum  wells  [3]. 

Interaction  between  the  substrate  under  bias  and  the  microwave  coplanar  stripline  has 
been  observed  in  transmission  measurements,  as  shown  in  Fig.  3.  At  low  frequencies, 
transmission  is  near  umty,  resulting  in  data  points  near  the  unity- transmission  point  on 
the  transmission  coefficient  plane.  As  the  frequency  is  increased,  coupling  to  the 
substrate  through  the  insulating  oxide  layer  results  in  microwave  signal  loss,  causing  the 
measured  points  to  move  toward  the  center  of  the  chart.  An  analysis  of  the  bias- 
dependent  data  shows  that  the  microwave  losses  present  at  low  dc  bias  are  reduced  at 
high  dc  bias.  A  standard  numerical  design  model  for  coplanar  lines  has  been  utilized  to 
analyze  this  observation,  and  a  change  in  loss  tangent  from  8  to  5  is  observed  over  the  dc 
bias  range  of  the  measurement 

Additional  measurements  for  other  quantum-well  sequences  will  be  discussed. 
Numerical  escalations  using  standard  field-simulation  software  will  be  presented  and 
compared  with  the  experimental  data.  Circuit  models  for  the  measured  data  will  be 
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included  and  individual  parameter  and  element  variations  will  be  correlated  with  the 
conduction  properties  of  Ae  multiple-quantum-well  heterojunction  structures. 
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Abstract 

In  this  paper,  we  report  the  study  of  a  novel  device  geometry  for  quantum  well  infrared 
photodetector  (QWIP)  normal  incident  light  coupling.  The  new  detector  stracture  will  be 
referred  as  the  corrugated  QWIP  (C-Q\^P)  structure.  In  this  structure,  V-grooves  are 
etched  through  the  active  detector  region  to  create  a  collection  of  facets  within  one  detector 
pixel.  These  facets  then  direct  normd  incidence  light  into  the  QWIP  through  total  internal 
reflection.  In  order  to  demonstrate  the  advantages  of  this  light  coupling  scheme,  a 
two-color  C-QWDP  covering  the  two  infrared  atmospheric  windows  is  used  for  the  study. 
The  experimental  data  show  that  while  the  photoresponse  of  the  detector  is  maintained  to  be 
the  same  as  that  of  a  45°  incidence  sample,  the  dark  current  density  is  reduced  by  more 
than  a  factor  of  two,  thus  increasing  the  detectivity.  At  the  same  time,  no  spectral  linewidth 
narrowing  or  wavelength  selectivity  is  observed,  which  is  crtitical  for  multi-color  infrared 
detection. 


Long  wavelength  infrared  detection  using  intersUbband  transition  in  AlGaAs/GaAs  multiple 
quantum  well  (MQW)  system  has  been  progressing  rapidly  during  the  past  several  years.  i 
Based  on  a  simple  theory,  one  can  predict  the  opto-electronic  properties  and  the  potential 
performance  of  a  quantum  well  infrared  photodetector  (QWIP)  for  a  given  set  of  structural 
parameters. 2  Consequently,  optimized  stractures  can  be  designed  for  various  functions. 
However,  there  is  a  well-lmown  drawback  for  these  detectors:  due  to  the  dipole  selection 
rule,  only  the  light  component  with  electric  field  perpendicular  to  the  QW  planes  can  be 
absorbed.  Therefore,  much  effort  has  been  made  toward  designing  an  effective  light 
coupler  for  the  normal  incidence  geometry.  Among  different  light  coupling  schemes,  die 
2D  gating  3-5  and  the  random  scattering  coupler^  have  been  shown  to  be  quite  effective  in 
obtaining  a  high  quantum  efficiency. 

In  this  paper,  we  report  a  study  of  the  novel  light  coupling  scheme  in  the  new  detector 
structure  which  we  refer  here  as  the  corrugated  QWIP  (C-QWIP)  structure.  In  this 
structure,  a  large  number  of  V-grooves  with  slanted  sidewalls  are  etched  through  the  active 
detector  region  to  create  an  array  of  facets  within  one  detector  pixel.  These  facets  then  direct 
normal  incidence  light  into  the  QWIP  through  total  internal  reflection.  Unlike  the 
conventional  gratings  which  require  a  thick  top  contact  layer  as  grating  layer,  the  V-groove 
structure  is  fabricated  by  employing  wet  chemical  etching  to  create  an  array  of  hght  coupler 
directly  in  the  active  QW  region,  thus  eliminating  the  requirement  of  a  thick  contact  layer. 
Because  of  the  different  etching  rate  for  different  crystallographic  planes,  the  resultant 
groove  sidewalls  are  inclined  at  54°  with  the  (100)  surface  along  the  [01-1]  direction, 
forming  a  triangular  profile  as  shown  in  Fig.  1.  This  corrugated  structure  substantially 
reduces  the  dark  current  due  to  the  triangular  cross-section  area  in  the  active  region. 
Because  the  light  coupling  mechanism  of  the  C-QWIP  is  based  on  total  internal  reflection 
instead  of  the  usual  diffraction,  it  couples  light  of  different  wavelengths  equally  into  the 
detector.  No  spectral  linewidth  narrowing  and  wavelength  selectivity  are  thus  expected, 
making  this  structure  superior  to  the  conventional  grating.  In  addition  to  the  formation  of 
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this  desirable  geometry  for  total  internal  reflection,  another  advantage  of  wet  chemical 
etching  is  to  avoid  the  sample  damage  caused  by  plasma  etching  and  thus  reduce  the 
leakage  current  considerably.  Furthermore,  the  processing  of  C-QWIP  is  much  simplier 
because  there  are  no  stringent  grating  parameters  such  as  periodicity,  cavity  size,  and 
etching  depth,  etc  to  be  observed. 

To  evaluate  the  performance  of  this  new  coupling  scheme,  a  two-color  C-QWIP  covering 
both  the  3-5  and  8-12  |im  atmospheric  windows  is  fabricated.  It  has  two  stacks  of  MQW’s 
in  the  active  region.  The  first  stack  has  20  periods  of  300-A  Alo.sgGao.ezAs  barrier  and 
5-A  GaAs  /  25-A  Ino.2Gao.8As  /  5-A  GaAs  well.  This  MQW  is  designed  to  have  the 

detection  peak  at  a  wavelength  Ap  =  4.8  (im.  The  second  stack  consists  of  20  periods  of 

500-A  Alo.25Gao.75As  barrier  and  50-A  GaAs  well,  and  X.p  is  designed  at  9.4  pm.  The 
conduction  band  diagram  of  this  sample,  which  has  only  one  bound  state  in  each  quantum 
well,  is  given  in  Fig.  2. 

Three  devices  employing  three  different  light  coupling  structures  are  characterized.  Device 
C  uses  a  standard  45°  incidence  coupling.  Device  B  has  no  special  coupling  structure. 
Device  A  contains  a  C-QWIP  structure,  fabricated  using  a  grating  mask  with  a  period  and 

an  opening  width  of  7  pm  and  2  pm  respectively.  Inside  the  QW  regions,  the  light  beam 
follows  the  path  shown  in  Fig.  1  for  all  incident  angles  equal  to  or  greater  than  the  total 
reflection  angle  of  the  air-GaAs  interface.  This  structure  allows  at  least  two  passes  of  the 

light  within  one  single  pixel  without  thinning  down  the  substrate  (625  pm  in  this  case)  and 
at  least  four  passes  with  a  thinned  substrate.  The  substrate  of  the  present  devices  have  not 
been  thinned.  For  the  first  pass  the  direction  of  light  propagation  is  nearly  parallel  to  the 
QW  planes,  thus  more  efficient  in  light  coupling  than  the  45°  incidence  case.  For  the 
second  pass,  the  coupling  is  less  effective  because  the  propagation  is  less  parallel  to  the 
QW  planes.  On  the  average,  without  substrate  thinning  we  can  expect  a  quantum  efficiency 
comparable  to  that  in  the  45°  incidence  sample  and  two  times  higher  with  substrate 
thinning.  No  crosstalk  between  pixels  is  expected  in  this  new  structure. 

The  dark  current  of  the  three  devices  are  measured  in  a  liquid  helium  dewar.  The  window 
photocurrent  due  to  300  K  background  radiation  is  also  measured  at  10  K  with  a  36°  field 
of  view.  Fig.  3  shows  the  77  K  dark  current  densities  and  the  window  photocurrent 
densities  of  all  three  devices.  The  dark  current  densities  of  devices  B  and  C  are  almost 
identical,  indicating  the  high  uniformity  of  the  intrinsic  detector  characteristics.  On  the 
other  hand,  the  dark  current  density  of  device  A  is  substantially  lower,  only  half  that  of 
device  B  at  most  at  V~9V.  This  dark  current  reduction  is  advantageous  in  relaxing  the 
charge  handling  requirement  of  the  read-out  circuit.  The  window  photocurrent  densities  of 
devices  A  and  C  are  roughly  equal,  consistent  with  the  expectation  that  the  hght  coupling  of 
this  C-QWIP  without  substrate  thinning  is  comparable  to  that  of  a  standard  45°  incidence 
sample. 

In  order  to  compare  the  spectal  efficiency  of  different  coupling  schemes,  photocurrent 
spectra  are  measured  using  a  monochromator  with  a  1000  K  glowbar  source.  In  all 
measurements,  positive  bias  is  apphed  on  the  top  contact  with  the  bottom  contact  grounded. 

At  low  bias  (V<5V),  most  of  the  voltage  drop  is  across  the  3-5  pm  stack  due  to  its  larger 

resistence  and  only  a  single  detection  peak  at  A,p  =  4.7  pm  is  observed.  When  the  bias 

increases  to  6V,  the  voltage  drop  across  the  8-10  pm  stack  becomes  appreciable  and  a 

second  detection  peak  appears  at  =  9.4  pm.  With  a  further  increase  in  V  (V>7V),  the 
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peak  at  ?ip  =  9.4  jim  becomes  dominant.  The  operating  bias  is  therefore  set  to  be  4V  for 
the  short  wavelength  detection  window  and  9V  for  the  long  wavelength  detection  window. 
The  responsivity  spectra  of  devices  A,  B,  and  C  are  shown  in  Fig.  4.  The  power  of  the 
glowbar  source  is  calibrated  by  a  commercial  HgCdTe  detector.  No  power  correction  is 
made  for  the  reflection  from  the  substrate  for  all  devices,  neither  is  the  optical  area 
correction  made  for  the  45°  incidence  device.  Because  of  the  ID  character  of  the  C-QWP, 
the  photoresponse  of  device  A  depends  on  the  polarization  direction  of  the  incident  light. 

In  a  previous  publication^,  we  measured  the  photoresponse  of  the  same  two-color  detector 

with  a  conventional  2D  grating  designed  for  10  pm  light  coupling.  It  was  found  that,  in 
addition  to  the  shortcoming  of  specral  linewidth  narrowing,  the  light  coupling  is  not  as 

effective  in  the  3-5  pm  window  in  comparison  to  the  45”  incidence  coupling.  In  contrast, 
the  C-QWDP  represented  by  device  A  does  not  show  such  shortcomings.  As  clearly  shown 
in  Fig.4,  the  responsivity  of  device  A  is  1.2  times  higher  than  that  of  device  C  in  both 
detection  windows.  This  result  leads  to  the  conclusion  that  the  C-QWIP  structure  is  equally 
effective  in  coupling  light  of  different  wavelengths,  and  there  is  no  spectral  linewidth 
narrowing.  This  optical  coupling  improvement,  together  with  the  dark  current  reduction, 
leads  to  an  increase  of  background  hmit  temperature  and  an  enhancement  of  detectivity. 

Additional  improvements  can  further  be  made  for  the  C-QWIP  stmcture.  By  optimizing  the 
detector  processing,  2D  corrugated  patterns  can  be  made,  which  can  double  the  coupling 
efficiency.  Also,  by  thinning  down  the  substrate  for  more  passes,  the  quantum  efficiency 
can  be  improved  by  another  twofold.  Since  this  new  coupling  scheme  is  compatible  with 
the  infrared  hot  electron  transistor  (IHET)  stracture,  the  combined  approach  should  make  it 
possible  to  have  IHET  focal  panel  arrays  operable  at  90K. 

The  work  at  Princeton  University  is  supported  by  an  ARO  grant  DAAH  04-94-G-0270. 
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CURRENT  DENSITY  (A/cm?) 


Fig.  1  The  upper  part  shows  the  triangular  cross- 
section  of  the  C-QWIP.  The  lower  part  is  an 
enlargement  of  the  V-grooves,  showing  the  light 
path  inside  one  single  pixel  with  a  thinned 
substrate. 


Fig.  3  The  77  K  dark  current  densities  and  the 
window  photocurrent  densities  of  the  two-color 
QWIP;  A  the  corrugated  structure,  B  normal 
incidence  without  any  pattern,  C  the  45°  coupling 
incidence. 


5  pm  stack 

10  pm  StSCk 


Fig.  2  The  energy  band  structure  of  the  two-color 
QWIP. 


Fig.  4  The  responsivity  of  the  two-color  QWIP:  A 
the  corrugated  structure,  B  normal  incidence  without 
any  pattern,  C  the  45®  coupling  incidence. 
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RESPONSIVITY  (A/W) 


The  Silicon  Hot  Avalanche  Injection  Transistor  (HAIT) 


G.  Muller,  G.A.M.  Hurkx,  W.B.  de  Boer,  R.  Dekker,  W.T.A.  van  den 

Einden,  and  M.J.J.  Theunissen 
Philips  Research  Laboratories,  Prof.  Hoistiaan  4,  5656  AA  Eindhoven, 

The  Netherlands 


The  speed  of  bipolar  transistors  is  limited  by  high  injection  effects  [l].  To  achieve 
high  cut-off  frequencies  unipolar  hot  carrier  transistors  are  an  attractive  alternative 
[2,3].  Here  we  describe  results  of  a  novel  fast  hot  carrier  transistor  with  an  Impatt- 
diode  structure  as  emitter  resulting  in  an  inductive  impedance.  This  device  offers 
high  speed  without  the  disadvantage  of  the  capacitive  impedance  of  the  previously 
mentioned  transistors. 

As  it  is  shown  in  Fig.  1,  by  biasing  a  silicon  n'*'pp'''-diode  into  Avalanche  breakdown, 
a  high  differential  conductance,  which  is  limited  by  the  space-charge  resistance,  is 
found.  This  conductance  under  reverse  bias  in  this  regime  can  be  larger  than  the 
conductance  of  the  forward  biased  diode.  In  addition  it  is  well  known,  that  the  ima¬ 
ginary  part  of  the  impedance  of  an  Impatt-diode  is  inductive  for  frequencies  below 
the  resonance  frequency  [1,4].  Taking  the  Impatt-diode  as  the  emitter- base  junction 
of  the  Hot  Avalanche  Injection  Transistor  (HAIT),  the  second  building  block  of  the 
HAIT  consists  of  a  planar  doped  n‘'‘-barrier  layer,  electrically  separating  the  p'^-base 
layer  from  the  p-coUector.  In  Fig.  2  the  calculated  electrostatic  potential  is  shown. 
In  order  to  contribute  to  the  collector  current,  the  holes  generated  by  impact  ioniza¬ 
tion  in  the  high  field  region  of  the  emitter-base  junction  under  reverse  bias,  have  to 
overcome  the  planar  doped  potential  barrier.  If  they  loose  too  much  energy  and  can 
therefore  not  reach  the  collector,  the  base  current  increases  resulting  in  a  low  current 
gain.  Since  with  an  Impatt-diode  as  hot  current  injector,  high  injection  energies  can 
be  reahzed,  reasonable  current  gains  can  be  expected. 

To  investigate  the  high  frequency  performance  we  have  analyzed  an  equivalent  circuit 
of  the  HAIT  (Fig.  4).  First  the  total  current  through  the  Impatt-diode  Ir,npatt  is 
determined  from  the  impedance  of  the  Impatt-diode.  The  hot  carriers  (4ot),  which 
reach  the  collector  are  modelled  as  a  certain  fraction  of  the  conduction  current  of 
the  Impatt-diode.  The  current  carried  by  generated  carriers,  that  have  lost  so  much 
energy,  that  they  cannot  reach  the  collector,  is  then  given  by  Iimpatt  ~  I  hot-  Using 
realistic  values  for  all  the  parameters.  Fig.  5  demonstrates,  that  high  cut-off  frequen¬ 
cies  can  be  achieved. 

To  avoid  substantial  energy  relaxation  of  the  hot  holes,  which  would  deteriorate  the 
current  gain,  the  distance  between  the  place  of  Avalanche  generation  and  the  top  of 
the  barrier  (Fig.  2)  has  to  be  as  short  as  possible.  This  requires  a  steep  junction 
between  the  narrow  p'*‘-base  and  the  planar  doped  n'''-barrier,  making  low  temper¬ 
ature  processing  an  absolute  necessity.  The  highest  processing  temperature  after  the 
growth  of  the  wafers  was  A00°C.  Another  technological  challenge  is  the  etching  of 
the  contacts  to  the  20nm  thick  base  layer.  In  order  to  increase  the  selectivity  of  the 
KOH-etching  of  the  contacts  to  the  base,  the  major  part  of  the  base  layer  consists  of 
'S'io.ssGeo.is  (Fig.  3). 

The  HAITs  were  fabricated  on  6”  silicon  wafers,  grown  at  atmospheric  pressure  in  an 
ASM  Epsilon  One  epitaxial  reactor  (Fig.  6).  First  a  deep  mesa  structure  is  etched 
down  to  the  substrate  in  order  to  electrically  isolate  the  active  regions  of  the  different 
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transistors.  Then  by  selectively  etching  a  shallow  mesa  on  top  of  the  deep  mesa  down 
to  the  base  layer  the  emitter  is  defined.  For  masking  and  as  insulating  layer  a  350" 
PECVD-TEOS  silicon  oxide  was  used.  The  SIMS  profile  of  one  of  the  wafers  (Fig.  7) 
demonstrates,  that  the  necessary  steep  junctions  between  highly  doped  layers  were 
obtained.  The  dc-characterization  of  a  HAIT  with  an  emitter  length  of  20^m  and  an 
emitter  width  of  1.5^m  is  shown  in  the  Figs.  8-9.  The  measured  IV-traces  of  the  two 
building  blocks  of  the  HAIT,  the  emitter-base  Impatt-diode  and  the  base-collector 
camel  diode  indicate  a  successful  selective  etching  of  the  base. contact  (base  sheet 
resistance  <  lOfcfl).  The  leakage  current  of  the  base-collector  junction  is  negfigible 
up  to  a  voltage  of  81^  across  the  potential  barrier.  The  low  current  gain  of  the  HAIT 
{hfe  =  0.35,  Fig.  9)  is  due  to  a  large  built  in  barrier  height,  which  cannot  be  changed 
experimentally  by  applying  a  voltage  across  the  barrier.  A  calculation  of  the  barrier 
height  (Fig.  10)  for  this  structure  (Fig.  3b)  confirms  that  for  a  15nm  thick  planar 
doped  barrier  of  10^®cm“^  the  barrier  can  not  be  depleted  up  to  voltages  of  151^’ 
resulting  in  a  fixed  barrier  height  of  «  IV.  By  choosing  a  lower  doping  concentration 
of  5  •  10^*cm~^  we  expect  a  substantially  higher  current  gain.  To  demonstrate  that 
the  observed  current  gain  is  due  to  hot  carriers  and  not  due  to  parasitic  effects,  we 
have  compared  the  “cold”  carrier  current  gain  with  the  hot  carrier  current  gain  (Fig. 
11-12).  Using  transistor  structures  with  two  separate  base  contacts  the  “cold”  carrier 
current  gain  was  determined  by  injecting  the  current  in  one  of  the  two  base  contacts 
(current  injection  lateral  to  the  barrier,  inset  Fig  11).  The  hot  carrier  current  gain 
measured  at  the  same  device  (Fig.  12)  is  found  to  be  10®  times  larger. 
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Fig.l.  Current  and  differential  conductiv¬ 
ity  as  function  of  the  applied  voltage  for  an 
■'■-diode.  Avalanche  breakdown  for  the 
reverse  biased  diode  occurs  at  «  5.5V. 


Fig.  2.  Electrostatic  potential  of  the  HAIT 
as  function  of  the  distance  from  the  surface 
for  the  design  of  Fig.  3a.  E,  B  and  C  denote 
the  emitter,  base  and  collector  of  the  tran¬ 
sistor.  The  breakdown  voltage  (-5.6V)  is  ap¬ 
plied  to  the  emitter-base  junction,  Vbc  =  0. 


E 

a) 

b) 
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B 

50nm 
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C 


Fig.  3.  Doping  concentrations  and  layer 
thicknesses  of  the  HAIT  with  an  ^■'■-emitter 
on  top,  a  20nm  thick  p^'^-base,  then  the  15nm 
thick  n^'^-barrier  and  the  p^'^-coUector  at  the 
bottom. 


Isc 


Fig.  4.  Equivalent  circuit  of  the  HAIT  with 
re,  the  emitter  resistance,  rb,  the  base  resist¬ 
ance,  re,  the  collector  resistance,  and  ebe  the 
base-collector  depletion  capacitance.  The  cur¬ 
rent  source  Isc  takes  the  finite  transit  time 
through  the  base-collector  depletion  layer  into 
account. 


Fig.  5.  Calculated  common  emitter  current 
gain  as  function  of  the  frequency  for  the  equi¬ 
valent  circuit  of  the  HAIT  (Fig.  4).  The  lines 


Fig.  6.  a)SEM  of  the  HAIT  with  b)  the  emit¬ 
ter  finger  (contact  hole  and  shallow  mesa). 


93 


Fig.  7.  SIMS  profile  of  the  wafer,  grown 
according  to  the  design  of  Fig.  3b.  The 
boron  (p-type  doping),  phosphorus  (n-type 
doping)  and  germanium  concentrations  axe 
shown  as  function  of  the  distance  from  the 
surface.  The  very  steep  and  narrow  P-‘shoul- 
der’  at  a  depth  of  120nm  produces  the  poten¬ 
tial  barrier. 


Fig.  8.  Measured  current- volt  age  character¬ 
istics.  Avalanche  breakdown  of  the  reverse 
biased  emitter-base  junction  occurs  at  « 


Vcb[V] 

Fig.  10.  Calculated  barrier  height  as  func¬ 
tion  of  the  voltage  across  a  15nm  thick  n-type 
barrier  for  different  doping  concentration  of 
the  barrier. 


Hot  Carrier  Current  Gain 


Fig.  11  Collector  current  and  “cold  “  carrier 
current  gain  as  function  of  the  current  injec¬ 
ted  into  one  of  the  two  base  contacts. 


Cold  Carrier  Current  Gain 


Fig.  12.  Collector  current  and  hot  carrier 
current  gain  as  function  of  the  current  injec¬ 
ted  into  the  emitter. 


Fig.  9.  Measured  dc  current  gain  as  function 
of  the  injection  current.  The  biasing  of  the 
device  is  indicated  in  the  inset. 


The  Design  and  Performance  of  the  Uniphase  CMCCD  and  Its 
Possible  Application  as  an  Analog  Memory 

L.Chen  and  H.L.Kwok,  Dept,  of  Electrical  &  Computer  Engg. , 
University  of  Victoria,  Victoria,  BC  Canada  V8W  3P6 


The  first  charge-coupled  device  (CCD)  [1]  was  proposed  by 
Boyd  and  Smith  in  1970  and  since  then  it  has  found  its  way 
in  numerous  important  electronic  applications.  The  princi¬ 
ple  of  operation  of  a  CCD  is  relatively  simple  and  it  relies 
on  the  electron  transfer  between  the  neighboring  MOS  gates 
or  Schottky  gates  in  the  device.  To  facilitate  an  efficient 
charge  transfer,  normally,  submicron  gaps  between  the  trans- 
.9^tes  are  required  and  this,  sometimes,  poses  a  reli¬ 
ability  problem.  More  recently,  resistive-gate  charge- 
coupled  devices  (RGCCDs)  [2]  have  been  used  to  offset  this 
requirement  on  submicron  gaps  and  high-efficient  RGCCDs 
(with  a  charge  transfer  efficiency  of  0.998  or  better)  have 
been  fabricated.  In  addition,  since  cermet  is  the  material 
most  frequently  used  for  the  resistive  gates,  RGCCDs  are 
also  called  cermet-gate  charge-coupled  devices  (CMCCDs) . 
This  work  may  be  divided  into  three  parts.  The  first  part 
deals  with  the  structural  optimization  and  the  performance 
of  the  Uniphase  CMCCD.  The  second  part  investigated  the 
effect  of  the  clock  voltages  and  their  waveforms  on  the 
performance  of  the  devices.  Finally,  in  the  last  part,  we 
investigated  the  linearity  and  noise  in  the  CMCCD  in  light 
of  its  possible  application  as  an  analog  memory. 

Numerous  work  have  been  performed  on  the  modeling  of  CCDs 
and  CMCCDs  and  the  basic  charge  transfer  operation  is  well 
understood.  The  key  mechanisms  are  due  to  the  self-induced 
the  fringing  field  and  the  thermal  diffusion.  Both 
analytical  models  as  well  as  equivalent-circuit  models  have 
been  studied.  later  are  claimed  to  offer  a  better 

computational  efficiency  when  compared  with  the  analytical 
models  [3].  One  clear  advantage  of  the  equivalent-circuit 
model  IS  in  its  application  for  the  study  of  transient 
voltage  effects.  Fig. l  shows  a  cross-section  of  a  uni— phase 
CMCCD.  ^  The  geometrical  parameters  as  are  X  =  [L-, ,  L  x^.]. 
To  optimize  device  performance,  we  can  set  up  of  an^obj ac¬ 
tive  function  which  in  our  case  is  chosen  to  be  the  error 
function: 

M-l 

=  ^2(^max(3)  -  ^max  -i(j))^/M  (l) 


where  M  is  the  number  of  grids  used  in  the  direction  of 
charge  transfer,  potential  maximum  profile 
in  volt  in  the  direction  of  the  charge  transfer,  and 


max 
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_-(j)  is  the  "ideal"  potential  maximum  profile  in  volt  in 
the  direction  of  the  charge  transfer. 

is  determined  by  solving  the  two-dimensional  Poisson 
equation  in  the  channel  and  -i  ideal  profile 

determined  for  maximum  charge  storage.  By  minimizing  e(X) 
with  respect  to  the  geometrical  parameters,  we  can  obtain 
$max  closest  to  _j^.  This  can  be  done  using  the  Fletch- 

er-Reeves  method  [4].  The  optimized  profiles  of 
plotted  in  Fig. 2 .  Table  I  lists  the  theoretical  charge 
transfer  efficiencies  of  the  optimized  CMCCDs  at  different 
transfer  times.  The  initial  charge  size  was  5  x  10^^  /cm^. 

Transfer  Time  (ps)  200  400  600  800  1000 

Efficiency  0.6490  0.8531  0.9514  0.9884  0.9990 

Table  I 

As  observed,  the  optimized  structure  can  theoretically 
operate  at  a  charge  transfer  efficiency  of  0.999  up  to  1 
GHz.  At  a  higher  clock  frequency,  the  charge  transfer 
efficiency  will  decrease  due  to  velocity  saturation.  The 
charge  transfer  efficiency  versus  the  charge  density  and  the 
peak  clock  voltage  are  shown  in  Figs. 3  and  4.  As  expected, 
the  charge  transfer  efficiency  will  fall-off  rapidly  when 
either  the  charge  density  is  too  high  (due  to  spill-over 
from  the  potential  wells)  or  when  the  peak  clock  voltage  is 
too  large  (due  to  the  presence  of  energy  "troughs") .  The 
rise  time  of  the  clock  voltage  is  often  considered  to 

be  an  important  parameter  in  deterinining  the  charge  transfer 
efficiency  [5].  Fig. 5  compares  the  charge  transfer  effi¬ 
ciencies  resulting  from  different  values  of  ^j-ise  ^ 
function  of  the  transfer  time  t^£  for  the  uniphase  CMCCD. 
As  expected,  the  effect  of  the  rise  time  is  more  pronounced 
in  the  later  part  of  the  transfer  process  (when  the  self- 
induced  drift  effect  has  subsided) .  A  small  apparently 

will  allow  the  fringing  field  to  be  established  more  quickly 
and  that  will  facilitate  charge  transfer.  The  linearity  of 
the  CMCCD  depends  primarily  on  the  input  and  the  output 
(I/O)  structures.  Fig. 6  shows  the  measured  transfer  charac¬ 
teristics.  As  expected,  good  linearity  can  be  observed  oyer 
a  reasonable  dynamic  range  (0  -  0.5  V)  up  to  about  50  MHz. 

In  an  analog  device,  noise  will  frequently  limit  the  per¬ 
formance  and  in  the  CMCCD,  the  main  noise  contributions  are 
due  to  thermal  generation,  bulk  trapping  and  the  I/O  struc¬ 
tures.  The  noise  figures  (expressed  in  equivalent  number  of 
electrons)  from  the  various  sources  are  listed  in  Table  II 
together  with  the  equations  used  for  their  estimation. 
Assuming  that  the  maximum  charge  storage  is  given  by  the 
product  of  the  depletion  layer  capacitance  and  the  value  of 
the  potential  well,  it  can  be  shown  that  the  maximum  charge 
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storage  is  6,0  x  10^  e”.  Fia. 7  shows  the  measured  signal-to- 
noise  ratio  of  a  GaAs  CMCCD  as  a  function  of  the  clock 
frequency. 


Noise  source 

Elquation 

Two- phase 
CMCCD 

Uni-phase 

CMCCD 

Thermal 
generation  [12] 

n:.  =  sJ{JiA,NT)l(qU) 

31  e- 

32  e’ 

Bulk  trapping  [13] 

ritrap  =  y/NTVsicNty. 

36  c- 

51  e- 

^txp{-Ti/Tc)ll  -  ezp(-r</r.)] 

Input  [13] 

179  e“ 

179  e- 

Output  [13] 

'^output  —  KTCop 

127 

127  e“ 

Total  noise 

373  c- 

389  e- 

Max.  charge  size 

8.6  X  10‘  e- 

6.0  X  10‘  e- 

S/N  ratio 

20  log(Qni«x/ Qnoisc) 

67  dB 

63  dB 

Table  II 


In  general,  CCDs  are  used  primarily  for  signal  processing 
and  as  imagers.  A  novel  application  of  the  CCD  is  to  use  it 
as  an  analog  memory.  For  instance,  a  100  pixel  CCD  with  a 
charge  transfer  efficiency  of  0.9999  connected  in  a  closed 
loop  will  experience  only  10%  signal  degradation  after  10 
cycles  and  theoretically,  this  is  often  adequate  for  a 
number  of  analog  signal  processing  applications  such  as  the 
case  of  adaptive  learning  in  neural  nets  [6].  Fig. 8  shows 
schematically  a  CMCCD  configured  to  operate  as  an  analog 
memory.  The  purpose  of  the  level-shift  circuit  is  restore 
the  dc  voltage  levels  and  Fia. 9  shows  the  photomicrograph  of 
the  measured  output  waveforms  for  a  sinusoidal  input.  As 
observed,  other  than  for  the  minor  signal  distortion,  the 
output  is  a  good  replica  of  the  input. 
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Investigations  of  the  fast  response  of  Schottky-barrier  tunnel  junctions  (SBTJ)  to  high  power 
pulsed  FIR  laser  radiation  have  shown  that  under  the  condition  of  plasma  reflection  the  change  in  the 
junction  resistance  is  connected  with  a  deformation  of  the  self-consistent  potential  barrier  [1-3],  This 
deformation  is  caused  by  radiation  pressure  on  the  free  electron  plasma  in  the  semiconductor.  The 
observed  photoresistive  effect  allows  to  consider  SBTJ  as  a  detector  of  pulsed  FIR  laser  radiation 
with  high  temporal  and  spatial  resolution  [4]  .The  two-dimensional  electron  gas  (2DEG)  in  the 
potential  well  of  the  6-doped  semiconductor  represents  a  similar  system  with  a  self-consistent 
potential.  The  properties  of  this  system  depend  on  the  redistribution  of  free  carriers  in  the  direction 
perpendicular  to  the  plane  of  the  6-layer.  This  work  presents  the  first  results  of  photoresponse 
experiments  with  5-doped  GaAs  structures. 

The  investigated  samples  consist  of  MBE  grown  GaAs  with  one  5-layer,  5  mm  long  and  1  mm 
wide,  at  a  distance  of  20  nm  from  the  semiconductor  surface.  The  donor  atoms  are  Si  with  a  density 
of  6- 10^2  cm‘2.  The  2DEG  density  is  3-10^2  due  to  the  spatial  redistribution  of  carriers 
between  the  surface  states  and  the  6-layer. 

Two  different  types  of  samples  were  used:  structures  with  a  plain  GaAs  surface  and  structures 
with  an  aluminum  gate.  In  gateid  samples  the  current  through  the  Schottky  barrier  between  the  gate 
and  the  channel  is  carried  by  turmeling  electrons.  Investigations  of  the  samples  at  4.2  K  temperature 
have  shown,  that  the  tunneling-spectroscopy  and  magneto-transport  data  are  in  a  good  agreement 
with  the  results  of  self-consistent  calculations  of  the  energy  structure  of  two-dimensional  subbands  in 
a  6-doped  layer  of  5  nm  thickness  [5]. 

The  radiation  sources  used  were  pulsed  NH3  and  CH3F  molecular  lasers  optically  pumped  by  a 

TEA  CO2  laser  providing  <100  ns  pulses.  The  measurements  have 
been  carried  out  at  the  wavelengths  X  of  90.55  pm  and  250  pm. 
The  maximum  intensity  of  radiation  in  the  sample  was  1  MW/cm^. 
For  varying  the  intensity  calibrated  teflon  attenuators  have  been 
used.  The  intensity  incident  on  the  sample  has  additionally  been 
controlled  by  a  fast  photon  drag  detector. 

The  gated  samples  have  been  irradiated  from  the  substrate 
side.  The  photoresponse  measurements  of  gateless  samples  have 
been  performed  with  irradiation  on  the  5-layer  side.  It  was  proved 
that  the  magnitude  of  the  signal  is  only  slightly  smaller  when  the 
substrate  side  is  irradiated.  Fig.  1  shows  a  sketch  of  a  sample  and 
the  measurement  scheme. 

Present  address:  Universitat  Regensburg,  Institut  fiir  Experimentelle  und  Angewandte  Physik,  FRG 
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Fig.  1.  Scheme  of  measurements 


99 


Ugd,  V 

Fig.  2.  Gated  structure.  Photoconductive  response  (A,  C,  D)  at  different  gate  voltages  and  photo- 
e.m.f.  (B)  due  to  the  FIR  laser  pulse  (duration  100  ns,  ^=250  |xni).  The  sample  temperature  is  77  K. 
Corresponding  gate  voltages  are  Ug(j  =  -0.48  V  (A),  0  V  (B),  0.45  V  (C),  and  3.73  V  (D).  The  resi¬ 
stance  Rgd  versus  the  gate  voltage  is  also  shown.  The  same  results  were  observed  for  X=90.55  pm. 

A  fast  response  has  been  observed  with  a  time  constant  smaller  than  the  laser  pulse  duration. 
Signal  pulses  are  displayed  in  Fig.  2  for  different  gate  voltages  Ugj.  Note  that  the  response  in  the 
imbiased  case  (Ug^  =  0)  is  a  voltaic  signal  inducating  a  spatial  redistribution  of  free  charges. 

The  response  at  Ugjj  ^  0  changes  its  sign  when  the  sign  of  the  bias  voltage  is  changed.  This 
means  that  the  response  is  due  to  a  change  in  the  conductance  of  the  structure  at  Ug(j  ^  0,  i.e.,  it  is  a 
photoconductivity  effect.  The  sign  of  the  photoconductivity  reveals  that  during  the  laser  pulse  the 
conductance  decreases  at  low  bias  and  increases  at  high  bias.  Radiation  heating  of  2DEG  in  5-doped 
layer  would  result  in  an  increase  of  the  tunnel  junction  conductivity,  since  the  latter  rises  about  ten 
times  with  increasing  sample  temperature  from  77  to  300  K. 

Thus,  we  conclude  that  the  low-bias  response  is  of  non-thermal  origin.  However,  it  must  be 
noted  that  at  low  bias  the  dominant  negative  component  of  photoconductivity  is  followed  by  a  small 
positive  tail,  which  may  be  due  to  electron  heating  effects. 

At  low  bias  voltage,  Ug(j  <  0.5  V,  the  resistance  Rg^j  between  the  gate  and  the  5-layer  is  about 
100  times  higher  than  the  channel  resistance  measured  directly.  Thus,  the  response  at  low  bias 
should  be  considered  as  the  result  of  a  decrease  of  the  tunnel  conductance  during  the  laser  pulse. 
Such  a  sign  of  the  observed  photoconductivity  in  the  gate-channel  tunnel  jrmction  is  completely 
different  from  what  has  been  observed  in  usual  tunnel  junctions  with  Schottky  barriers  where  the 
photoconductivity  is  always  positive  [2-3]. 

The  change  in  the  sign  of  the  photoconductivity  with  the  increase  of  the  bias  voltage  may  be 
related  to  the  crossover  from  the  tunnel  jimction  resistance,  decreasing  exponentially  with  the  bias,  to 
the  channel  resistance.  This  can  be  seen  from  the  resistance-voltage  characteristic  shown  in  Fig.  2, 
where  the  resistance  assumes  an  approximately  constant  value  for  bias  voltages  Ug^j  >  2  V. 
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To  clear  up  the  origin  of  the  response  of  the  gated  structure  at  high.bias  voltage,  the  photores¬ 
ponse  of  the  structure  without  gate  has  been  measured.  It  turned  out  that  the  response  observed  in  the 
gateless  structure  is  very  similar  to  the  response  of  the  tunnel  structure  at  large  bias  voltages  and 
both  should  be  related  to  an  increase  of  the  channel  conductance. 

This  fast  positive  photoconductivity  of  the  channel  could  qualitatively  be  explained  by  electron 
heating.  To  check  this  assumption,  the  temperature  dependence  of  the  channel  resistance  must  be 
known.  We  have  measured  the  channel  resistance  as  a  function  of  the  lattice  temperature  under 
different  conditions:  a)  in  the  dark,  b)  the  sample  permanently  illuminated  by  visible  ligVit  c)  after 
illumination  switched  off  (persistent  photoconductivity).  It  is  of  interest  that  a  long-time  signal  tail  of 
opposite  sign  occurs  imder  the  condition  of  steady-state  illumination  with  visible  light,  in  addition  to 
the  fast  positive  photoresponse  (Fig.  2,  curve  D).  However,  this  will  not  further  be  considered  here 
since  the  fast  channel  response  related  to  2DEG  mobility  change  does  not  depend  on  the  illumination 
conditions  which  affect  mainly  the  2DEG  density. 

To  test  the  assumption  about  the  thermal  origin  of  the  fast  photoresponse  of  the  5-layer,  me¬ 
asurements  of  the  dependence  of  the  channel  photoconductivity  on  the  intensity  of  laser  radiation 
have  been  carried  out  at  various  sample  temperatures  in  the  range  of  77-300  K.  The  illumination  by 
external  visible  light  was  rejected  with  a  black  polyethylene  film,  when  it  was  necessary.  It  was 
found  that  the  values  of  the  fast  photoresponse  in  darkness  and  under  persistent  photoconductivity 
condition  are  identical  despite  the  large  difference  of  the  temperature  dependencies  of  the  channel 
resistance  in  these  two  cases.  Therefore,  in  the  following  the  data  obtained  under  dark  conditions  are 
discussed  only. 

Fig.  3  shows  the  temperature  dependence  of  the  response.  The  magnitude  of  the  response  drops 
by  two  orders  of  magnitude  in  a  range  where  the  temperature  increases  about  by  a  factor  of  three. 
This  behaviour  can  be  attributed  to  an  ejqponential  factor  like  exp(-^(Oo/^7)  in  the  electron  energy 
loss  rate  (^©0=3 6. 5  meV  is  the  energy  of  longitudinal  optical  (LO)  phonons  in  GaAs).  As  known, 
such  a  term  is  present  in  the  expressions  for  the  electron  energy  loss  rate  due  to  scattering  by  LO 
phonons  irrespectively  of  the  possible  heating  of  the  LO  phonons  (see  for  example  [6]). 

To  analyze  the  heating  effects  in  2DEG  it  is  necessary  to  know  the  electron  istribution  in  two 
dimensional  subbands.  Following  [5]  we  have  obtained  the  value  of  the  Fermi  energy,  Ef  =  93  meV 
for  the  lowest  subband  and  17  meV  for  first  excited  subband.  A  rigorous  treatment  of  hot  2D 
electrons,  taking  into  account  the  subband  filling,  is  quite  cumbersome.  Therefore  as  a  first 

approach,  we  have  analyzed  the  measured 
photoresponse  in  a  one-subband  ap¬ 
proximation.  Effective  parameters  of  the 
2DEG  were  taken  from  Hall  measurements. 

The  density  of  2DEG  in  our  samples  is 
high  enough  that  the  electron  temperature  ap¬ 
proximation  can  be  applied.  As  known,  in 
GaAs  at  temperatures  >  50  K  the  energy  of  hot 
electrons  is  transferred  to  the  lattice  due  to  the 
emission  of  LO  phonons.  In  this  case  the  ex¬ 
pression  for  the  energy  loss  rate  per  electron 
can  be  written  in  the  form: 

P  =  ^(OoV^[exp(-^)-exp(-^)]  (1) 

where  is  the  effective  emission  frequency  of 
LO-phonon  by  electrons,  7^  and  T  are  the 
temperature  of  electrons  and  the  lattice  at  equi¬ 
librium,  respectively.  It  can  be  rigorously 
proved  that  (1)  is  valid  in  the  case  of  LO- 
phonon  heating,  too. 
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Fig.  3.  Gateless  stmcture.  Temperature  dependence 
of  the  relative  photoconductivity  Ao/a  normalized 
to  the  intensity  J  at  two  wavelengths.  The  solid  line 
shows  the  exp(hC0g  /  AT)  behavior. 


101 


Using  the  data  shown  in  Fig.  3,  we  have  determined  the  magnitude  and  temperature  dependence 
of  the  emission  frequency  V^.  It  takes  a  value  of  the  order  of  lO^^s'^  at  77  K  and  of  lO^^s'^  at 
room  temperature.  It  could  be  verified  that  these  values  of  give  the  correct  order  of  the  measured 
electron  energy  loss  rate  in  GaAs  as  a  function  of  (see,  for  example,  [7])  and  the  cooling  rate  of 
hot  LO  phonons  due  to  the  coupling  with  acoustical  phonons  [8] 

Hence,  the  presented  data  show  that  the  channel  photoconductivity  of  6-layers  is  stipulated  by 
electron  heating  owing  to  the  absorption  of  radiation  by  free  carriers  but  the  photoresponse  of  the 
tuimel  jimction  is  not  due  to  hot-electron  effects. 

It  seems  likely  that  the  decrease  in  tunnel  conductance  observed  under  the  action  of  radiation  can 
be  related  to  a  change  in  the  shape  of  the  self-consistent  barrier-well  potential  due  to  the 
ponderomotive  force  of  the  electromagnetic  wave,  just  as  it  was  foimd  in  the  case  of  tunnel  Schottky- 
barrier  junctions  [3].  However,  the  momentum  transfer  from  the  radiation  to  electrons  of  the  5-layer 
may  be  provided  here  by  the  magnetic  field  of  the  free  carrier  current  (hke  pinch-effect)  instead  of 
the  free  carrier  plasma  reflection  of  the  radiation  in  the  bulk  of  the  semiconductor.  To  explain  the 
observed  phenomena,  the  change  in  the  shape  of  the  5-layer  potential  well  must  be  taken  into 
aacount.  This  change  is  caused  by  ponderomotive  forces  in  the  nonuniform  field  of  the  reflected 
electromagnetic  wave  near  the  GaAs  surface. 

We  are  thankful  to  V.G.Mokerov  and  B.K.Medvedev  for  providing  the  samples  and  to 
V.A.Kokin  for  calculations  of  the  energy  spectrum  of  2DEG.  Financial  support  by  the  NATO  (grant 
HTECH.LG  931585)  is  gratefully  acknowledged. 
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We  examine  vertical  Bloch  miniband  transport  in  a  GaAs-based  superlattice  of  quan¬ 
tum  wires  arrayed  on  a  plane,  following  similar  recent  studies  of  planar  quantum-well 
superlattices^  and  quantum-dot  superlattices^.  In  particular,  we  determine  the  cur¬ 
rent  due  to  a  dc  field  Eq  which  may  drift  the  system  into  the  regime  of  negative  differ¬ 
ential  mobility,  jointly  with  a  perturbing  single-frequency  electric  field  E^j  sin(27rt 
We  consider  E^;  ~  Eq,  so  that  the  perturbing  ac  field  is  strong,  and  the  responding 
steady  periodic  miniband  current  exhibits  distortion  and  harmonic  content  beyond 
the  impressed  single  frequency,  characteristic  of  nonlinear  time-harmonic  generation. 

Our  nonlinear  balance  equation  formulation  takes  account  of  strong  electron-electron 
interactions  which  tend  to  rapidly  thermalize  the  system  about  the  center-of-mass 
motion,  and  which  dynamically,  nonlocally  screen  the  scattering  interactions.  In  our 
treatment  of  the  latter,  we  employ  a  realistic  microscopic  description  of  random  im¬ 
purity,  acoustic  phonon  and  polar  optic  phonon  scatterings  in  momentum  and  energy 
balance  equations.  Our  model  quantum  wire  superlattice  consists  of  periodically 
spaced  potential  wells  and  finite-height  barriers  in  the  ^-direction.  In  the  lateral 
plane,  wire  definition  is  achieved  by  electron  confinement  within  a  distance  in 
the  x-direction,  while  the  electrons  move  freely  in  the  j/-direction.  Thus  the  electron 
energy  dispersion  can  be  written  in  the  form  {%  =  1) 


^n,ky{kz)  -  Sn,ky  +£{kz), 


where 


(1) 


(2) 


and  m  is  the  effective  mass  in  the  j/-direction  and  £„  represents  quantized  lateral 
subband  energies  for  confined  electron  motion  in  the  x-direction.  Furthermore,  we 
employ  a  tight-binding  approximation  for  the  lowest  2^-miniband  energy 


£{kz)  =  ^(1  ~  cos  kzd), 


(3) 


103 


where  d  is  the  superlattice  (SL)  period,  A  is  the  miniband  width,  and  — 7r/d  <  < 

TT I  d. 

The  momentum  and  energy  balance  equations  are  most  conveniently  described  in 
terms  of  the  average  drift  velocity  Vd 

E  (4) 

n^ky^kz  ^ 

{N  is  the  total  number  of  electrons)  and  the  average  electron  energy 

^  X/  ^n,ky{kz)f{£n,ky{kz—pd),Te).  (5) 

Ujky^kz 

In  these  terms,  the  momentum  balance  (expressed  in  terms  of  Vd)  is  given  by  {vm  = 

Ad/2) 

— ^  =  eE{t)da{Te)  cos{pdd)  +  -^(Ai  +  Ap),  (6) 

Vm  at  Ha 

and  the  energy  balance  is 

=  eE{t)da{T,)  (7) 

where  cx{Te)  depends  on  the  electron  temperature  Te,  to  the  exclusion  of  the  center- 
of-mass  drift  momentum  pd,  and  it  is  given  by 

=  S  (^os{k,d)f{en,ky{kz-pd),Te).  (8) 

71,  ky  ,kz 

Above,  f{E,Te)  is  the  Fermi-Dirac  distribution  at  the  electron  temperature  Tg,  with 
chemical  potential  p.  The  detailed  expressions  for  the  frictional  decelerations  A, 
and  Ap  induced  by  impurity  and  phonon  scatterings,  respectively,  and  the  energy 
transfer  rate  W  from  electrons  to  phonons,  were  derived  in  Ref.  3,  using  a  realistic 
3D  microscopic  treatment  of  acoustic  and  polar  optic  phonon  and  random  impurity 
scatterings.  In  the  interest  of  brevity,  we  refer  the  reader  to  Ref.  3  for  these  formulae. 

As  indicated  above,  we  treat  quantum  wire  SL  miniband  transport  driven  by  an 
electric  field  of  the  form 

E{t)  =  Eo  +  Eu  sin(a;t),  (9) 

where  the  dc  component  Eo  drifts  the  miniband  current  and  E^  is  the  magnitude 
of  the  large  superposed  ac  signal  field.  The  resulting  high  frequency  steady  state 
drift  velocity  Vd  (current)  and  electron  temperature  Tg  are  periodic  functions  of  time 
with  period  =  27r/a;.  However,  they  are  not  simple  periodic  functions  as  they 
suffer  distortion  due  to  harmonic  generation  in  their  highly  nonlinear  environment. 
Nonetheless,  their  periodicity  permits  analysis  in  terms  of  a  Fourier  series  in  time,  of 
the  form 

CO 

Vd{t)  =  Uo  +  sin(nwt)  +  u„2  cos(na;t)].  (10) 


104 


The  dc  component  Vq  and  the  harmonic  coefficients  Vn\  and  Vn2  are  given  by 


2  [T 

Vn\  —  sm{nujt)dt, 


2  fT 

Vn2  -  ji  '^d{t)  COs{nLjt)dt. 


(11) 


The  particular  quantum  wire  superlattice  treated  here  is  a  periodic  array  of  quantum 
wires  on  a  plane  having  period  d  =  lOnm,  lateral  confinement  within  dx  =  45nm, 
2D  density  Ns  =  6.75  x  10^®/m^,  low-field  dc  mobility  /x(0)  =  1.0 /Vs  at  lat¬ 
tice  temperature  T  =  SOOTIT  and  miniband  width  N  —  9007^1.  The  driving  field  is 
E^{t)  =  Eq  +  E^sm{27rt/T^)  with  =  0.4p5,  Eq  =  12kV/cm  and  E^  =  lOkV/cm. 
Using  parameters  appropriate  to  GaAs  (four  transverse  subbands  are  included  in  the 
calculation),  we  determine  the  periodic  (but  not  simple  harmonic)  miniband  drift  ve¬ 
locity  as  a  function  of  time,  exhibited  in  Figure  1,  where  the  nonlinear  generation  of 
higher  harmonic  content  is  manifested  in  substantial  distortion  associated  with  higher 
Fourier  coefficients  Vni,2  in  the  drift  velocity. 
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Figure  1:  dc  component  of  electron  drift  velocity  as  a  function  of  time.  The  applied 
total  electric  field  (one  period)  is  also  shown  for  reference. 
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A  new  concept  for  low-power  all-optical  switching 

in  MQW  structures 

C.  Knorr,  U.  Wilhelm,  V.  Harle,  F.  Scholz,  and  A.  Hangleiter 

4.Physikalisches  Institut,  Universitdt  Stuttgart, 

Pfaffenwaldring  57,  D-70550  Stuttgart,  Germany 

All-optical  switches  play  a  central  role  in  high  speed  optical  computing  and  optical 
data  processing.  Various  kinds  of  optical  nonlinearities  are  presently  under  investigation 
for  their  potentially  use  in  all-optical  switching  devices.  The  conventional  SEED  (self 
electro-optic  effect  device)  is  a  bistable  optical  switch,  which  is  already  commercially 
available  in  digital  systems  [2].  It  is  based  on  the  quantum  confined  Stark  effect  (QCSE) 
in  low- dimensional  semiconducter  structures  and  a  positive  feedback  is  realized  by  an 
external  electrical  circuit  [1,2].  In  the  InGaAs(P)/InP  system  however  the  contrast  ratio 
and  speed  of  the  SEED  are  limited  due  to  saturation  at  low  optical  power:  The  difference 
of  the  valence  band  and  conduction  band  discontinuity  and  the  different  effective  masses 
of  electrons  and  heavy  holes  lead  to  an  accumulation  of  photogenerated  holes  in  the 
active  region  and  therefore  to  a  net  space  charge,  which  screens  the  external  field  in  the 
quantum  wells. 

Another  kind  of  photonic  switch  is  based  exactly  on  this  field-screening  mechanism, 
which  is  maximized  to  give  an  internal  positive  feedback  [3].  This  charge-induced  self¬ 
feedback  device  in  principle  works  in  short  circuit  and  needs  no  external  connections. 
Nevertheless  both,  the  conventional  SEED  and  the  field-screening  device  are  based  on  a 
light-induced  field  reduction,  so  the  operating  wavelength  for  the  positive  feedback  mode 
lies  on  the  high  energy  side  of  the  exciton  line,  therefore  requiring  a  high  input  power. 

We  developed  a  novel  type  of 
pin-SCMQW  (separate  confine¬ 
ment  multiple  quantum  well) 
structure,  where  photogenerat¬ 
ed  carriers  lead  to  a  strong  en¬ 
hancement  of  the  internal  field 

rather  than  to  screening.  The  p.inp  p.|nGaAsP  InGaAsP  n-lnP 

basic  device  structure  consists  of 
a  conventional  InGaAs(P)/InP 
SCMQW  system,  where  addi¬ 
tional  larger  InP  barriers  are  in¬ 
troduced.  These  barriers  are  po¬ 
sitioned  in  such  a  way  that  pho-  i  o  •  i  x  j  -  i  .  •  , ,  c.  , , 

^  rigure  1:  Basis  layer  structure  designed  to  yield  field  en- 

togenerated  holes  screen  the  op-  hancement  in  the  quantum  wells  due  to  photogenerated 
tical  confinement  layer  and  in-  carriers, 
crease  the  field  in  the  quantum 

wells  (Fig.  1).  This  field  increase  leads  to  a  red  shift  of  the  band  edge  due  to  the  QCSE 
and  therefore  to  an  absorption  increase  below  the  band  gap,  which  is  utilized  for  optical 
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switching.  The  effect  of  these  additional  barriers  on  electron  transport  is  negligible, 
since  both  the  barrier  height  and  the  effective  mass  are  much  smaller  for  electrons. 

We  performed  detailed 
calculations  of  the  spatial 
band  diagram  with  optical 
excitation  by  self-consistent- 
ly  solving  Poisson’s  equation 
and  the  continuity  equation 
[4].  Fig.  2  shows  the  po¬ 
tential  profile  of  the  struc¬ 
ture  with  one  additional  InP 
barrier  under  varying  opti¬ 
cal  generation.  The  positive 
space  charge  at  the  large  bar¬ 
rier  (Fig.  2)  screens  the  field 
in  the  right  confinement  lay¬ 
er  and  increases  the  field  in 
the  MQW  region.  The  left 
confinement  layer  is  p-doped 
to  increase  the  maximum  pos- 
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Figure  2:  Calculated  potential  profile  of  the  field  enhancement 
structure  with  varying  illumination  and  space  charge  at  the 
highest  power  density. 
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sible  field  enhancement,  which  is  determined  by  the  relative  width  of  the  undoped  region 
to  the  left  and  to  the  right  of  the  InP  barrier. 

On  the  basis  of  the  modeling  we  realized  such  structures  and  investigated  the  nonlinear 
behaviour  by  measuring  the  change  of  transmission  due  to  photogenerated  carriers  at 
fixed  bias  levels.  We  got  a  clear  evidence  of  charge  carrier  induced  field  enhancement. 

By  comparing  the  photo- 
transmission  spectra  with 
electro-transmission  spectra 
we  were  able  to  determine 
the  internal  field  at  different 
pump  power  densities  (Fig. 
3).  At  all  bias  levels  we  ob¬ 
serve  a  sharp  increase  of  the 
electrical  field  at  low  pow¬ 
er  densities,  which  flattens 
somewhat  at  higher  power 
levels.  We  observe  a  max¬ 
imum  field  enhancement  of 
about  40%  at  an  optical 
input  power  of  1  W/cm^. 
Above  1  W/ cm^  the  field  de¬ 
creases  again.  This  is  due 
to  an  accumulation  of  pho- 
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Figure  3:  Internal  electric  field  across  the  MQW  region  vs. 
pump  power  at  different  bias  levels.  The  dotted  line  is  a  guide 
for  the  eye  only. 


togenerated  holes  in  aU  quantum  weUs,  which  reduces  the  field  enhancement  and  finally 
screens  the  entire  MQW-region.  Fig.  4  shows  the  potential  profile  and  the  space  charge 
in  the  high  power  regime  of  our  calculations,  which  consistently  describe  the  experiment. 
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So  the  same  screening  mechanism,  which  limits  the  operation  of  SEEDs  and  QCSE 
modulators,  is  present  in  our  device  structure.  The  maximum  field  enhancement  is  given 
by  the  ratio  of  the  escape  times  for  the  photogenerated  holes  over  the  large  InP  barrier 
and  the  quaternary  barrier. 

Based  on  the  results  of 
the  first  field  enhancement 


structure  above  there  are 
several  possibilities  to  im¬ 
prove  the  switching  proper¬ 
ties  concerning  high  contrast 
ratio  and  low  input  power. 
Our  first  improvement  was 
based  on  a  simple  geometri¬ 
cal  consideration:  The  posi¬ 
tive  charge  accumulated  be¬ 
hind  the  large  InP  barrier 
creates  a  ’step’  in  the  elec¬ 
tric  field,  which  contributes 
on  the  one  hand  to  the  field 
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enhancement  in  the  MQW  Figure  4:  Space  charge  distribution  and  conduction  band  of  the 
region  and  on  the  other  enhancement  structure  under  strong  illumination. 


hand  to  field  screening  in  the  n-side  confinement  layer  (Fig.5).  The  ratio  of  the  elec¬ 
tric  field  change  in  the  quantum  wells  and  in  the  confinement  layer  is  fixed  with  the 
thickness  of  both  regions. 


Starting  from  the  same 


dark  field  Eq  and  introduc¬ 
ing  the  same  amount  of  pos¬ 
itive  charge  into  the  last 
quantum  well  the  change 
of  the  electric  field  in  the 
MQW  layer  is  substantial¬ 
ly  larger  in  structures  with 
thicker  n-side  confinement 
layers.  So  our  second  de¬ 
vice  structure  had  an  un¬ 
doped  region  at  the  n-side, 
which  was  more  than  twice 
as  large  as  in  the  first  struc¬ 
ture.  To  keep  the  waveg¬ 
uide  structure  symmetrical, 
we  just  shifted  the  n-doping 
front  into  the  InP  layer  (Fig. 
5).  Differential  transmission 
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Figure  5:  Calculated  relative  position  of  the  electric  field  ’step’ 
of  our  first  field  enhancement  structure  (dashed  line)  and  the 
second  device  with  a  thicker  undoped  region  at  the  n-side  (line). 
The  step  is  shifted  towards  higher  fields  in  the  MQW  region. 


measurements  yield  a  maximum  field  enhancement  of  18  kV/cm  at  a  power  density  of  400 
mW/cm^,  which  is  less  than  half  the  power  required  for  the  same  shift  in  the  standard 
structure.  Above  400  mW/cm^  the  field  enhancement  is  again  reduced  due  to  hole 
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accumulation  in  aU  quantum  wells.  Further  optimization  of  the  structures  based  on 
the  modeling  and  experimental  results  is  currently  in  progress. 

The  light  induced  enhancement  of  the  internal  field  leads  to  an  increase  of  the  absorption 
below  the  bandgap  and  it  should  be  possible  to  achieve  hysteresis  effects  if  the  device  is 
operated  with  a  single  wavelength.  The  wavelength  for  the  positive  feedback  mode  lies 
on  the  low  energy  side  of  the  excitonic  resonance  and  our  novel  switching  structure  might 
be  useful  for  realizing  low-power  optical  switching  devices. 

Support  of  this  work  by  the  Deutsche  Forschungsgemeinschaft  under  contract  No.  Ha 
1670/6  is  gratefully  acknowledged. 
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Photonic  control  of  DC  and  high-frequency  characteristics  of  HEMT’s  and  related 
devices  attract  a  great  deal  of  attention  with  their  possible  applications  to  the 
optically  controlled  MMIC’s  for  high-speed  switches[l],  phase  shifters[2],  oscillators[3] 
and  mixers[4],  etc.  Previously  reported  experimental  results  show,  however,  rather 
small  amount  of  improvement  in  DC  and  microwave  characteristics  in  conventional 
AlGaA^GetA-s  HEM'Fs  and  MESFETs  with  optical  illumination.  [5,6]  'This  has  been 
one  of  the  problems  in  implementing  application  systems  with  optically  controlled 
microwave  devices. 

In  this  work,  we  report  DC  and  microwave  characteristics  of  optically  controlled 
double  heterostructure  n-Alo.3Gao.7As(100Ayi-Alo.3Gao.7As(50A)/GaAs(50A)^no.i3Gao.87As 
(lOOA)  pseudomorphic  n-channel  HEMTs,  which  is  more  efficient  for  the  collection  of 
channd  carriers  and  the  improvement  of  carrier  transport,  as  shown  in  Fig.l. 
Epita^al  layer  structures  were  grown  on  S.I.  GaAs  by  gas-source  MBE  system.  Hall 
mobility  and  density  of  2-DEG  in  the  pseudomorphic  Ino.13Gao.87As  channel  at  300K 
were  measured  to  be  ~5,000cm^/(y  •  s)  and  1.2xlO^W',  respectively.  Devices  for 
characterization  have  gate  length  Lg=l;an,  gate  width  Wg=240;fln,  gate-to-source  spacing 
Lg»=l;fln,  and  gate-to-drain  spacing  Lgd=l/iii,  which  are  fabricated  by  using  chemical  wet 
etching  process  with  Au-Gq/Ni/Au  and  Ti/Au  for  ohmic  and  Schottky  contacts, 
respectively. 

For  the  characterization  of  photonic  responses  of  HEMT’s,  A  =0.83;®  AlGaA^GaAs 
laser  diode  module  (Spectra-Physics  :  Model  7200)  and  HF%510B  network  analyzer 
have  been  used.  We  measured  fabricated  HEMTs  on  wafer  in  the  frequency  range  of 
45MHz~40GHz  and  optical  power  density{Popt)  of  0-440mW/cm^  at  room  temperature. 
Measured  low  frequency  performances  of  a  fabricated  pseudomorphic  HEMT,  with  and 
without  optical  illumination,  are  shown  in  Fig.2  and  Fig.3.  Threshold  voltage  for  the 
device  was  obtained  from  Id.^-Vg.  plot  at  the  saturation  drain  bias  region,  and  found 
to  be  Vth=-0.87V  without  optical  illumination.  Transconductance  was  increased  with 
optical  illumination  as  shown  in  Fig.3.  This  mainly  attributes  to  the  photoconductive 
and  photovoltaic  effect  with  photogenerated  electron-hole  pairs,  which  are  generated 
both  in  the  GaAs  spacer  layers  and  InGaAs  channel.  Photogenerated  carriers  are 
finally  collected  in  the  narrow  bandgap  pseudomorphic  InGaAs  channel  which 
resulting  in  the  increase  of  carriers  in  the  channel.  Output  conductance(gd«)  was 
decreased  and  showed  less  channel  length  modulation  effect  under  optical 
illumination. 

Typical  microwave  characteristics  (small-signal  current  gain  :  H21,  maximum 
available  gain  :  Gmai)  of  the  fabricated  HEMT  are  plotted  in  Fig.4,  which  are 
measured  at  Vd,=2.5V,  Vga=-0.1V,  and  Popt=52mW/cm^.  Current  gain  cut-off 
frequencyCfx)  and  maximum  frequency  of  oscillationCfmax)  were  increased  as  shown  in 
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Fig.5.  fmaj  and  fx  were  sharply  increased.  However,  they  are  saturated  above  Popt~ 
bOm^cnr.  This  is  probably  due  to  the  increased  gate-to-source  capacitance(Cga)  by  the 
enhanced  photovoltaic  effect  and  the  reduced  channel  mobility  by  the  increased 
carrier-carrier  scattering  in  the  InGaAs  channel.  As  shown  in  Fig.6,  this  agrees  well 
with  the  small-signal  equivalent  circuit  parameters,  which  are  extracted  from  high 
frequency  characterization.  The  enhancement  of  fmax  with  optical  illumination  is  more 
significant  than  that  of  fx.  This  comes  from  reduced  source,  channel,  and  drain 
parasitic  resistancesCR*,  Rch,  and  Rd,  respectively)  even  with  saturated  fx.  fx  and  fmai 
depend  on  these  parasitic  elements  through 

,  Sm  f  _  _It _ 

2;r(C^+Cp)  •  2V  {R,^Rch+Rd)Sds+27rfTR^Cgi  ' 

Improved  microwave  performances  under  optical  iUumination(Popt=52mW/cm^)  as 
functions  of  gate  bias(Vgs)  and  drain  biasCVds)  are  also  shown  in  Fig.7  and  Fig.8, 
respectively.  The  improvement  of  fmai,  compared  with  dark  condition,  is  much  more 
significant  with  the  identical  reason  as  in  Fig.5.  However,  the  relative  change  in  fma* 
at  low  Vd.  is  smaller  than  that  of  at  high  Vds,  while  fx  is  not  quite  significant  with 
Vga  for  dark  and  under  optical  illumination.  This  is  because  gm  and  Cga  are  almost 
constant  both  for  V**  and  Vda  while  there  are  large  changes  in  R*  and  ^  with  drain 
bias.  We  also  plotted  bias-dependent  capacitances(Cg8,  Cgd,  and  Cda)  for  Popt=52mW/cm 
in  Fig.9  through  Fig.ll.  Cga  and  Cgd  were  increased  with  optical  illumination  near  the 
pinch-off  voltage  as  shown  in  Fig.9.  [5,7]  However,  Cga  were  decreased  with  optical 
illumination  for  small  reverse  gate  bias  as  shown  in  Fig.lO  and  Fig.ll.  This  probably 
comes  from  combination  of  photogenerated  carriers  from  deep  levels  in  the  doped 
AlGaAs  layer  and  GaA^nGaAs  layers  because  of  their  relatively  different  responses 
to  the  reverse  gate  bias  and  optical  illumination. 

The  variations  of  device  performances  and  model  parameters  with  optical 
illumination  for  Vd8=2.5V  and  Vg8=-0.1V  are  summarized  in  Fig.l2.  With  optical 
illumination,  a  significant  improvement  of  gm,  fmax,  and  fx  was  obtained  in  the 
efficiently  designed  AlGaA^^GaAVInGaAs  double  heterostructure  pseudomorphic 
HEMTs.  This  experimental  results  show  possible  applications  of  optically  controlled 
AlGaA^GaA^/InGaAs  double  heterostructure  pseudomorphic  HEMTs  to  the  optically 
controlled  MMIC’s  and  high  speed  optoelectronic  signal  processing  systems. 
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[Fig.  1]  Epi-stmcture  and  energy  band  diagram  of  Fig-  2]  of  pseudomorphic  n-HEMT  with 
of  fabricated  pseudomorphic  n-HEMT.  /without  illumination.  (  P^p,  =  52mW  /  cm^. 

Vgs  =  0V(Top  Curve)  to -0.5V(-0.1V  Step)  ) 
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(V^=2.5V,  Vg -0.1V) 


Cpfical  Rawer  Density  [mW/on^ 


[Fig.  5]  f^  and  f.^  vs.  optical  power  density. 
(Vj^=2.5V.  V^-O.IV) 


Frequency 


[Fig.  4]  Frequency  characteristics  of  current  gair 
(IHj^l)  and  maximum  available  gain(G^ 

(P„p,=52mW/cm2,  V^=2.5V.  Vg^-O.IV) 


Qatical  Rawer  Density  [mW/cm^J 


[Fig.  6]  Capacitances  vs.  optical  power  density. 
(V^=2.5V.Vg3=-0.1V) 
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t4>l*Po"^o  ""  [ap]«~b 


Vj^lM  MbN 


[Fig.  7]  and  vs.  with/without  illumination.  [Fig.  8]  and  fj  vs.  with/without  illumination. 
(P^  =  52mW  /  cm2  v^=2.5V)  {P„p,=52mW  /  cm^,  Vg3=-0.1  V) 


[Fig.  9]  Capacitances  vs.  with/without  [Fig.  10]  Capacitances  vs.  with/without 

illumination.  (P^p,  =  52mW  /  cm^,  V^g— 0.7V)  illumination.  (P^p,  =  52mW  /  cm^,  V^g— 0.1V) 


V^M 


[Fig.  11]  Capacitances  vs.  V^g  vrith/without 

illumination.  (Pj,p,=52mW  /  cm^,  V^=2.5V) 


[Fig.  12]  The  variations  of  device  model  parameters 
with/without  illumination. 

(P„p,=52mW/  cm2.  v,^=2.5V.  Vgg=-0.1V) 
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Si/SiGe  Heterojunction  Phototransistors 

Karl  D.  Hobart,  Fritz  J.  Kub,  Nick  Papanicolaou,  and  Phillip  E.  Thompson 
Naval  Research  Laboratory,  Washington,  D.C.  20375 


This  paper  reports  for  the  first  time  the  realization  of  a  Si/SiGe  heterojunction 
phototransistor  (HPT).  The  process  technology  used  to  fabricate  the  HPT  also  yields  SiGe 
heterojunction  bipolar  transistors  (HBTs)  with  fj  and  fmax  of  10  and  25  GHz, 
respectively  [1].  The  HPTs  demonstrated  test  system-limited  bandwidth  of  over  100  MHz 
and  a  responsivity  of  0.40  A/W  at  850  nm  laser  wavelength. 

The^  Si/SiGe  heterostructure  has  been  shown  to  enhance  the  performance  of  many  silicon 
devices.  In  this  instance,  the  heterostructure  technology  is  utilized  to  implement 
phototransistors  with  high  bandwidth  and  good  optical  responsivity.  By  utilizing  the 
Si/SiGe  heterojunction,  a  number  of  deficiencies  in  the  Si  phototransistor  are  addressed. 
Inserting  SiGe  in  the  base  increases  the  transistor  injection  efficiency,  which  effectively 
decouples  the  base  and  emitter  doping  from  the  current  gain.  A  reduction  of  the  emitter 
doping  is  advantageous  for  low  emitter-base  capacitance,  and  the  base  transit  time  may  be 
reduced  by  incrementally  decreasing  the  base  width  while  increasing  the  base  doping.  In 
addition,  through  bandgap  grading  die  base  transit  time  may  be  reduced  by  positioning  a 
drift  field  in  the  base  [2].  For  increased  absorption,  multiple  quantum  wells  (MQWs)  can 
be  inserted  into  the  collector  region  of  the  transistor.  For  example,  SiosGeos  produces  a 
two  order  of  magnitude  absorption  coefficient  increase  over  Si  at  850  nm  [3].  A  500  nm 
MQW  collector  with  twenty  5  nm  Sio.5Geo.5  wells  would  produce  a  70%  increase  in 
generated  carriers  for  the  same  Si  thickness.  For  low  temperature  growth  processes  such 
as  molecular  beam  epitaxy  the  MQW  structure  would  be  metastable  since  the  average  Ge 
fraction  would  be  12-15%. 

In  this  work,  HPTs  with  Si  collectors  are  characterized.  The  device  fabrication  scheme  is 
similar  to  that  used  previously  for  HBT  fabrication  (see  Ref.  1).  A  schematic  drawing  of 
the  device  structure  is  shown  in  Fig.  1.  The  device  features  a  self-aligned  emitter 
fabrication  approach  with  air-bridge  interconnects  for  low  parasitic  pad  losses.  Although 
HPTs  with  base  contacts  for  supplying  bias  current  were  fabricated,  only  devices  with  a 
floating  base  are  reported  here.  The  layers  were  grown  by  molecular  beam  epitaxy  on 
high  resistivity  p-substrates  with  n+-subcollector  regions  defined  by  implant.  The 
nominal  layer  specifications  are  given  in  Table  I.  The  self-aligned  emitter  fabrication 
sequence  utilizes  two  selective  etching  processes  to  define  the  emitter  and  heavily  doped 
emitter  contact  layers  using  the  emitter  contact  metal  as  a  mask.  The  nominal  emitter 
width  was  2  pm.  After  masking  the  collector-base  mesa  with  a  photomask  operation, 
CF4/O2  plasma  etching  isolates  devices  and  exposes  the  n+  subcollector.  In  addition,  air 
bridge  interconnects  are  simultaneously  formed  by  isotropic  etching  of  the  silicon  from 
beneath  the  narrow  metal  interconnect.  The  collector  contact  is  then  made  by  depositing 
metal  on  the  n+ -subcollector.  Fig.  2  is  a  micrograph  of  one  such  HPT  device.  Four  HPT 
devices  with  differing  active  areas  were  investigated. 


Devices  were  characterized  under  both  d.c.  and  a.c.  conditions  using  Cascade  Microtech 
on-wafer  probing  with  a  calibrated  normal  incidence  fiber  probe  fed  by  an  850  nm 
HP8850  laser  source.  The  transistors  were  biased  with  the  collector  at  ground  and  tied  to 
the  substrate  to  avoid  collection  of  earners  generated  in  the  substrate.  The  emitter  was 
connected  to  a  digital  oscilloscope  through  50  Q  coax  and  biased  negatively  through  a 
bias-T.  HBTs  on  the  same  chip,  which  were  designed  for  high  voltage,  had  excellent 
microwave  characteristics  with  peak  fj  and  fmax  of  10  and  25  GHz,  respectively  (Fig.  3). 
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Table  i.  Heterokjnction  Phototransistors  layer  S PECincATiONS. 


Layer 

^e__ 

Ge  Fraction  (%) 

Poping  (cm-3) 

Thickness  (nm) 

Emitter  Cap 

n+ 

0 

1x10^^ 

200 

Emitter 

n 

0 

2xToT^ 

100 

E-B  Spacer 

i 

0-17 

undoped 

3 

Base 

_P- . - 

17 

2^0^^ 

50 

B-C  Spacer 

i 

17-0 

undoped 

10 

Collector 

n 

0 

Ixlof^ 

2500 

Sub-Collector 

0 

1x10"^^ 

1000 

Substrate 

p“ 

0 

ixioi^* 

— 

The  responsivity,  R,  and  photocurrent  gain,  g,  of  the  HPT  were  characterized  through  the 
relations  R  =  Ic/Pave  R  =  g‘  Jlex‘(q^v),  respectively.  Where  Ic,  Pave»  and  T|ex  are  the 
collector  current,  average  optical  power,  and  external  quantum  efficiency  without 
photocurrent  gain,  respectively.  Pave  is  the  optical  bias  power  upon  which  a  constant  200 
pW,  50%  duty  cycle  pulse  is  superimposed.  Fig.  4  shows  a  plot  of  Ic  as  a  function  of  Pave 
at  VcE  =  5  and  10  V.  Fig.  5  shows  the  corresponding  responsivity  for  the  same  device 
and  bias  conditions.  The  maximum  responsivity  observed  was  approximately  0.40  A/W. 
No  saturation  in  Ic  or  R  was  observed,  however,  the  increase  in  R  with  optical  power  was 
due  to  the  increasing  photocurrent  gain  with  increasing  collector  current.  The  external 
quantum  efficiency  of  the  base-collector  photodiode  was  measured  on  a  separate  test 
structure  and  was  ~0.02.  The  measured  maximum  photocurrent  gain  was  approximately 
25-30,  which  is  consistent  with  concurrent  HBT  measurements  of  common-emitter 
current  gain. 

High  frequency  measurements  were  made  to  assess  the  response  of  the  HPTs.  Fig.  6 
shows  the  measured  rise,  Tr.  and  fall,  Tf,  times  as  a  function  of  emitter-base  area  at  Vce  = 
10  V.  The  risetime  of  the  two  smallest  HPTs  were  faster  than  the  system  response  under 
the  test  conditions.  Fig.  7  shows  the  behavior  of  Xr  and  Xf  as  a  function  of  Vce  for  the 
smallest  HPT  (30  pm^).  The  reduction  in  the  risetime  is  due  to  a  reduction  in  the 
collector-base  capacitance  with  increasing  collector-emitter  bias.  Fig.  8  shows  the  effect 
of  Pave  or  equivalently,  Ic,  on  Xr  and  Xf  with  a  10  V  bias  and  a  200  |J.W  optical  swing  for 
the  96  ^m2  device.  The  increase  in  the  risetime  at  low  power  is  a  direct  result  of  charging 
the  emitter-base  capacitance.  The  HPT  response  is  compared  to  the  output  of  the  pulse 
generator  in  Fig.  9.  The  HPT  clearly  reproduces  the  source  waveform  which  was  limited 
to  ~3.3  ns  risetime.  This  risetime  corresponds  to  a  cut-off  frequency  of  ~106  MHz. 
Additional  picosecond  pulse  measurements  are  currently  underway. 

Summarizing,  Si/SiGe  heterojunction  bipolar  phototransistors  have  been  fabricated  and 
characterized.  The  results  indicate  that  SiGe  H^s  are  potential  candidates  for  high-speed 
detectors  and  optoelectronic  applications.  The  additional  advantage  of  integration  with 
high-speed  SiGe  HBTs  is  attractive. 
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Frequency  (GHz) 


Emitter  Metal 


Figure  1.  Schematic  drawing  of  heterojunction  phototransistor  structure. 


Microwave  properties  of  Si/SiGe  Figure  4.  Average  collector  current  as  a 
HBTs  fabricated  on  same  chip  as  function  of  average  optical  power 

heterojunction  phototransistors.  Vce=14  V.  incident  on  phototransistor  for  two 

collector-emitter  biases.  Ae=30  pm^. 
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^ave  Emitter-Base  Area  (p-m  ) 

Figure  5.  Responsivity,  R,  vs.  average  power.  Figure  6.  Response  time  of  photo- 
Pave.  at  two  collector-emitter  bias  points.  transistors  vs.  various  active  area. 


Figure  7.  HPT  response  time  as  a  function  of  Figure  8.  HPT  response  time  as  a  function 
collector-emitter  bias  voltage.  of  average  optical  (bias)  power. 


Figure  9.  Time  domain  response  of  Si/SiGe  HPT  showing  test  system  limited 
response.  Top  trace  is  pulse  generator  monitor  and  lower  trace  is  HPT  output. 
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We  have  studied  modulation  doped  GaAs/AlAs  and  AIGaAs/AIAs  multiple 
quantum  well  structures  and  compared  them  with  the  results  from  the  respective 
undoped  structures.  Our  motivation  in  studying  this  was  to  determine  some  of 
the  unknown  quantities  associated  with  and  the  device  potential  of  this  class  of 
structures.  These  unknown  quantities  include  where  the  2D  electron  gas  is 
formed  as  well  as  where  the  parent  donor  is  resident,  the  binding  energy  of  the 
exciton,  type  I  to  type  II  transitions  as  compared  virith  the  undoped  structures,  the 
screening  and  the  many  body  effects  that  come  into  play  in  these  structures. 
Finally  we  will  discuss  the  device  possibilities  and  potential  of  these  novel 
structures. 

The  first  extensive  investigations  on  GaAs/AlAs  were  on  the  vibrational 
modes  in  short  period  superlattices.  Folded  acoustic  modes^'^  confined  optical 
modes^'^,  resonantly  excited  confined®’®  and  interface  phonon  modes®’^’®  are 
some  examples  form  the  existing  literature.  It  was  realized  quickly  that  these 
materials  have  an  interesting  band  structure  due  to  the  indirect  band  gap  of  the 
AlAs  barrier  layers  and  that  there  Is  significant  coupling  between  the  lowest 
energy  r  band  of  the  GaAs  and  the  lowest  energy  X  band  of  the  AlAs.  Review 
articles  in  which  these  studies  have  been  systematically  discussed  are  also 
available^'^^.  In  GaAs/AlAs  structures  with  wider  wells  a  significant  reduction  of 
the  e2-h2  excitonic  binding  energy  as  well  as  associated  interwell  charge  transfer 

processes^®'^'*  have  been  observed.  In  addition.  Raman  studies’®  on  these 
structures  showing  interface  phonon  assisted  T  -X  transitions  in  structures  where 
there  is  coupling  between  the  X  and  r  levels.  Calculations  have  been  performed 
In  which  the  relative  transition  probablltles  have  been  calculated  for  the  Interface- 
phonon  assisted  r-X  transitions  in  selected  short  period  superlattices  are 
estimated  by  using  the  dieiectric  continuum  model  for  both  symmetric’®  and 
antisymmetric’®  interface  optical  phonons  together  with  a  Kronig  Penney  model 
of  the  superlattice  electronic  models. 
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We  have  subsequently  started  an  extensive  investigation  of  n-type 

mcxlulation  doped  GaAs/AIAs  multiple  quantum  well  “ 

ALQaAs/AIAs  structures  which  has  the  AlAs  layers  as  the  wells  n 
and  the  X  conduction  band  edge  has  the  lowest  energy  in  both  AlAs  and  the 
AiGaAs  layers.  Initially  photoluminescence  and  Raman  studies  of  the 

GaAs/AlAs  of  the  modulation  doped  ^ 

Derformed'"'.  Wide  wells  were  chosen  in  the  initial  study  where  the  150  A  aias 

K  •  <ar<=>  riortfsd  1  2x10^®  cm  without  spacer  layers.  The  zero  field 

bamers  were  doped  l.zxiu  cm  ,  wimoui  j  fiioptrnn  holp 

spectrum  has  the  typical  form  of  luminescence  from  the  fr®®  J™® 

recombination  in  modulation  doped  quantum  well  structures,  *^"9 

donors  of  the  barriers  release  their  electrons  in  the  GaAs  wells,  ^he  feat^ 

broad  and  all  exoitonic  features  are  absent  due  to  screening  by  '^® 

eleotorn  plasma.  The  position  of  the  Fermi  level  determined  by  fte  width  of  the 

luminescence  (42  meV)  yields  an  approximate  oa|ue  of  10 

areal  density  In  the  presence  of  a  magnetic  field,  the  broad  zero  tie  id 

luminescence  breaks  into  a  series  of  well  defined  features  f 

transitions  between  Landau  levels  in  the  conduction  and ''®'®"“ 

interband  transitions  aie  similar  in  character  to  those  observed  in  GaAs/AIW.^ 

InGaAs/GaAs  as  well  as  InGaAs/lnP  quantum  wells.  There  is  a  denvation  from  a 

linear  field  dependence  which  is  associated  with  many  body  effects. 

The  Landau  transitions  extrapolate  to  approximately  1510  meV,  an  energy 
which  is  well  below  the  effective  bandgap  of  an  undoped  wdl 
dimensions.  The  reduction  of  the  enenrgy  gap  has  been  attnbi^ed  to  a  bandgap 
renormalization  due  to  the  presence  of  the  two-dimensional 
wells.  In  addition  the  photoluminescence  excitation  spectra  ^3®  ®  ^ 
developed  onset  at  1553  meV  which  coincides  with  the  high 
PL  spectmm.  The  Raman  spectra  were  excited  resonantly  at  the  energy 
es-hs^transition.  In  the  cross  polarized  situation  of  the  Raman  spec^a  is 
sinqie  feature  associated  with  the  e^-ea  intersubband  transition.  This  feature  s 
abstt  parallel  polarization,  and  instead  two  weaker  tenures  appear  n 

addition  to  the  longitudinal  (LO)  phonon  and  2LO  phonon  ^ 

attributed  to  coupled  collective  intersubband  LO  phonon  excitations.  In  the 
of  a  magnetic  field  applied  parallel  to  the  gmwth  dheefion  the  energy  of 
the  fhe  intersubband  transition  Raman  feature  vaiTCS  ^ 

corresponds  to  a  oydotron  effective  mass  that  is  very  dose  to  *e  el^°" 

This  feature  is  therefore  interpreted  as  a  oombmation  mode  of  the  intersubband 
transition  and  the  electron  cyclotron  resonance  . 

We  then  continued  our  studies  with  narrow  wells  where  the 
wpre  so  chosen  that  the  lowest  conduction  subband  e,  lies  above  the  done 
states  At  low  temperatures  the  electrons  remain  attached  to  the  silicon  donom 
from  where  they  can  recombine  with  photogenerated  holes  confined  in  e 
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wells.  An  impurity  related  feature  is  identified  as  the  donor  to  valence  band 
transition.  A  comparison  of  the  energy  of  this  feature  with  that  of  the  AlAs  X- 
vallcy  to  valence  band  transition  yields  the  donor  binding  energy.  This  binding 
energy  is  found  to  be  104  meV  for  these  donors  which  are  associated  with  the 
AIAs  X-val!ey  minima.  This  large  binding  energy  is  due  to  the  heavy  effective 
masses  for  the  X-band  in  AIAs. 

The  type  I  and  type  li  intorband  transitions  in  AIGaAs/AIAs  multiple 
quantum  well  structures  were  studied  using  optical  spectorscopic  techniques. 
The  simultaneous  observation  of  both  types  of  transitions  allows  an  accurate 
determination  of  the  band  offsets  in  this  system.  In  undoped  samples  the 
spatially  indirect  transition  is  dominated  by  replicas  whihe  involve  single  and 
multiple  phonon  emission.  In  n-type  modulation  doped  samples  in  which  the 
AIAs  X-valley  minima  are  populated  by  an  electron  gas,  the  zero  phonon  type  II 
transition  intensity  becomes  comparable  to  that  of  the  phonon  replicas.  This 
indicates  a  violation  of  the  k-vector  conservation  selection  rule  that  could  be 
attributed  to  many  body  etfects.  Some  of  the  device  possibiiites  of  these 
structures  including  optical  modulators,  phase  shifters  and  tunneling  devices  will 
be  discussed. 
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This  work  is  a  study  of  the  electronic  properties  of  Asymmetric  Double  Barrier 
Resonant  Tunneling  (ADBRT)  diodes  grown  with  different  superlattice  (SL)  emitters. 
The  layer  thickness  and  period  of  the  superlattices  were  systematically  varied  in 
order  to  define  a  unique  emitter  state  in  each  structure  grown.  In  each  case,  the 
emitter  state  was  determined  theoretically  by  calculating  the  miniband  formation  in 
the  constituting  superlattice.  The  relationship  between  the  emitter  state  defined  by 
the  superlattice  structure  parameters  and  the  current- volt  age  behaviour  of  the  diode 
at  77  K  has  been  investigated  here. 

Extensive  research  of  the  physical  and  electrical  properties  of  superlattices  has 
led  to  the  development  of  an  interesting  body  of  device  physics  based  on  these  struc¬ 
tures  and  their  incorporation  in  various  semiconductor  devices  such  as  double  barrier 
resonant  tunneling  (DBRT)  structures,  high  electron  mobility  transistors  (HEMTs) 
and  semiconductor  lasers,  to  name  a  few.  In  the  case  of  symmetric  DBRT  structures. 
Portal  et  al.  [1]  and  Reed  et  al.  [2]  have  conducted  studies  involving  the  use  of 
short-period  superlattices  as  emitters  and  barriers  of  the  quantum  well  respectively. 
Optimising  these  configurations  was  found  to  increase  the  peak-to-valley  current  ra¬ 
tio  (PVCR),  which  is  a  figure  of  merit  for  the  performance  of  DBRT  structures.  The 
ADBRT  diode  is,  on  the  other  hand,  not  noted  for  a  high  PVCR.  It  has,  however, 
been  observed  to  produce  greater  electron-phonon  interaction  and  therefore,  a  greater 
degree  of  phonon-assisted  tunneling  [3,  4].  Such  phenomena  could  be  applicable  to  the 
operation  of  exciting  new  devices  such  as  the  quantum  cascade  laser  [5].  Thus,  to  the 
authors’  best  knowledge,  this  study  represents  the  first  work  in  which  superlattice 
emitters  have  been  used  to  investigate  resonant  tunneling  phenomena  for  ADBRT 
structures. 

Three  distinct  structures  were  grown  as  shown  in  Figure  1.  Briefly,  a  sample  of 
each  structure  consisted  of  a  graded  doped  emitter  region,  a  variable  composition 
five-period  superlattice,  the  ADBRT  structure  of  an  80  A  GaAs  well  with  45  A  and 
33  A  AlAs  barriers  and  a  graded  doped  collector  (listed  in  the  order  of  growth). 
The  superlattice  had  five  periods  with  alternating  layers  of  GaAs  and  AlAs  of  equal 
thickenesses.  The  three  different  superlattices  were  grown  with  a  characteristic  layer 
thickeness  namely  50  A,  30  A  and  15  A  respectively.  A  1  fim  heavily  doped  GaAs 
cap  layer  was  finally  deposited  to  allow  ohmic  contact  to  be  made  to  the  device. 

The  electron  transmission  probability  across  each  superlattice  emitter  structure 
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was  numerically  calculated  using  the  transfer  matrix  approach  [6].  The  results  of 
these  calculations  are  shown  in  Figure  3  where  the  transmission  probability  is  plotted 
against  electron  energy.  The  position  of  the  peaks  (transmission  probability  of  1) 
indicates  the  position  of  the  energy  levels  in  the  superlattice.  The  energy  band  in  a 
five-period  superlattice  has  four  discrete  quasi-bound  levels  [7]  and  therefore  forms 
a  primitive  “miniband”  when  these  discrete  levels  are  spaced  close  together.  Upon 
analysis  of  the  numerical  calculations,  it  can  be  seen  that  the  50  A  superlattice  has 
the  densest  and  highest  energy  band  among  all  the  superlattices.  In  the  30  A  and 
the  15  A  superlattices  the  multiple  quasi-bound  levels  are  postioned  lower  and  wider 
apart.  It  follows  that  this  difference  in  the  superlattice  states  would  have  a  noticable 
effect  on  electron  tunneling  through  the  entire  device  structure  when  the  superlattice 
acts  as  an  emitter. 

Experimental  study  showed  resonant  tunneling  peaks  in  all  the  samples  in  the 
reverse  bias.  This  is  what  we  would  expect  because  the  flow  of  electron  current  en¬ 
counters  the  ADBRT  diode  before  the  superlattice  structure.  Therefore,  the  ADBRT 
diode  would  tend  to  predominantly  influence  the  resonant  tunneling  behaviour.  This 
was  seen  clearly  in  the  I-V  characteristics  of  a  50  A  five-period  GaAs/AlAs  superlat¬ 
tice  emitter  sample  shown  in  Figure  2.  Presence  of  satellite  peaks,  evident  in  the  inset, 
indicated  the  occurence  of  phonon-assisted  tunneling  through  the  ADBRT  quantum 
well.  The  50  A  five-period  GaAs/AlAs  superlattice  emitter  sample  was  also  the  only 
structure,  among  all  the  three  samples  in  this  study,  that  was  observed  to  exhibit 
resonant  tunneling  in  forward  hi&s.  In  the  forward  bias  the  electrons  flow  through  the 
superlattice  emitter  before  the  ADBRT  diode  and  it  is  known  that  resonant  tunneling 
peaks  occur  when  tunneling  through  the  superlattice  emitter  states  takes  place.  This 
happens  under  the  condition  that  the  potential  drop  across  the  superlattice  period 
is  equal  respectively  to  the  width  of  the  first  and  second  miniband  [8],  according  to 
the  predictions  of  the  Dohler-Tsu-Esaki  theory  [9].  Interestingly  enough,  in  this  case, 
the  valley  current  shows  no  other  peaks  that  could  be  attributed  to  phonon  assisted 
tunneling. 

Therefore,  as  a  result  of  this  study,  it  can  be  concluded  that  inspite  of  the  discrete 
nature  of  the  energy  levels,  a  five-period  GaAs/AlAs  superlattice  emitter  is  sufficient 
to  support  electron  tunneling  provided  the  thickness  is  large  enough  to  allow  the 
formation  of  a  primitive  “miniband”.  In  general,  it  can  be  stated  that  manipulation 
of  the  emitter  levels  in  an  Asymmetric  Double  Barrier  Resonant  Tunneling  Diode 
changes  its  electronic  properties  significantly. 
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Figure  1:  Layer  schematic  of  the  asymmetric  DBRTDs  with  superlattice  emitters. 


125 


Log  Transmission  Probability 


Figure  2:  I-V  characteristics  for  the  50  A  five-period  GaAs/  AlAs  superlattice  emit¬ 
ter  sample  at  77  K  showing  the  forward  and  reverse  bias  resonant  tunneling  peaks 
Contact  area  =  1.963  x  10“^cm^. 


Figure  3:  Electron  transmission  probability  for  the  three  superlattice  structures  cal¬ 
culated  for  zero  bias 
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ABSTRACT 

Thin  oxide  wearout  and  breakdown  is  one  of  the  principle  failure  mode  in  CMOS  VLSI  circuits. 

In  the  case  of  nonvolatile  memories  such  as  EEPROM  and  FLASH  where  carrier  transport, 
through  the  oxide  is  normal  mode  of  operation,  the  reliability  of  the  thin  tunneling  oxide 
represents  one  of  the  most  critical  parameters.  The  predominant  method  for  measuring  and 
monitoring  the  quality  and  reliability  of  thin  oxide  at  wafer  level  is  Charge-to-breakdown  (Qbd). 
This  paper  investigates  how  well  Qbd  predicts  the  endurance  (program/erase  cycling)  of  thin 
tunnel  oxide.  Qbd  data  on  8.0  nm  silicon  dioxide  was  obtained  from  constant  current  stressing 
over  a  series  of  temperatures.  The  thermal  activation  energy  of  the  oxide  Qbd  was  compared  to 
the  activation  energy  of  endurance  (program/erase  cycling)  of  similar  oxide  structures  on  the  same 
wafer.  The  data  shows  that  the  activation  energies  for  Qbd  and  endurance  are  very  different 
(Figure  1),  suggesting  that  Qbd  is  not  a  good  predictor  of  endurance.  To  check  if  the  differences 
seen  might  be  due  to  bipolar  current  injection  in  endurance,  Qbd  for  gate  and  substrate  injection 
was  studied.  Results  for  different  size  capacitors  as  shovm  in  Figure  2  indicate  that  differences 
seen  in  the  TDDB  is  from  pre-factor  (intercept)  and  not  from  the  activation  energy  (slope  of  log 
(TDDB)  vs  1/T).  Investigation  on  the  effect  of  different  current  densities  also  show  no 
observable  impact  on  the  thermal  activation  energy  of  the  Qbd  (Figure  3).  Based  on  the  results 
we  conclude  that  Qbd  might  not  be  measuring  the  same  oxide  degradation  mechanism  that 
endurance  cause.  A  wafer  level  test  structure  for  accelerated  endurance  testing  of  tunnel  oxide 
will  be  proposed. 
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DATA  COMPARING  QBO  AND  ENDURANCE  FOR  F3  AT  VARIOUS  TEMPERATURES 


-  ♦  ■  TDDB  (sub^rate) 
-■“TDD8  (Gate) 
~^~Endur»nee  /IQ  (secs) 


Figure  1.  Plot  of  Log  (TDDB)  versus  1000/Temp(K)  showing  the  difference 
in  the  slope  for  constant  current  QBD  and  the  endurance  for  capacitor  F3. 

The  Qbd  plot  for  both  Gate(poIysilicon)  and  Substrate  (silicon)  current  injection 
are  shown. 


COMPARING  QBD  OF  GATE  AND  SUBSTRATE  INJECTIONS 
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-F3-Gate 

-F4-Sub^rate 
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Figure  2.  Plot  of  Log(TDDB)  versus  1000/Temp(K)  for  constant  current  stress 
for  four  different  size  area  capacitors.  Both  Gate  and  Substrate  injection  are 
included.  The  difference  in  the  TDDB  between  Gate  and  Substrate  injection  is 
reflected  as  a  shift  in  the  line,  indicating  no  change  in  the  thermal  activation  enegry. 
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1  Abstract 

A  novel  naeasurement  method  to  determine  the  series  resistance  from 
one  single  MOSFET  is  discussed.  Not  only  the  gate  voltage  dependence 
of  the  series  resistance  Rseries  low  drain  bias  can  be  measured  now 
but  also  the  increase  of  the  drain  series  resistance  Rd  with  increasing 
drain  bias.  In  addition  attention  is  paid  to  the  modeling  of  the  series 
resistance  in  the  full  bias  range.  The  measurement  principle  is  based  on 
the  measurement  of  the  (trans)conductance  as  a  function  of  externally 
added  series  resistors  keeping  the  ’intrinsic’  bias  constant.  From  the 
slope  of  this  plot  information  is  obtained  about  the  derivative  of  the 
series  resistance  with  respect  to  terminal  bias.  At  low  drain  voltage  the 
accuracy  of  the  single  transistor  measurement  technique  is  comparable 
with  a  measurement  technique  using  a  set  of  identical  MOSFETs  except 
for  the  mask  channel  length  [8].  In  accordance  with  our  2-D  device 
simulations  it  is  also  found  that  Rd  increases  linear  with  the  voltage 
across  the  drain  resistance  due  to  velocity  saturation.  The  increase  of 
Rd  is  effectively  modelled.  Including  this  model  for  Rd  into  a  compact 
MOSFET  model  better  physical  based  parameters  are  obtained. 
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2  Introduction 


+  Vj-  4  Volt 


A  V,-  5  Volt 


Although  much  attention  has  been  given  to  MOSFET 
series  resistance  and  Lg//  measurement  techniques  [1, 
2,  3]  to  determine  RserUsiygs)  and  AL  =  Lm  —  Leff 
all  these  methods  need  a  set  of  identical  MOSFETs, 
except  for  the  mask  channel  length,  leading  to  addi¬ 
tional  errors  in  the  determination  of  Rseries  and  AL. 
Furthermore  these  methods  are  not  suited  to  measure 
the  series  resistance  as  a  function  of  drain  bias.  In 
addition  the  significance  of  a  correct  Rseries  determi¬ 
nation  increases  rapidly  as  shown  in  fig.  1.  There¬ 
fore  in  this  paper  a  new  method  is  discussed  to  solve 
the  above  deficiencies.  Finally  attention  is  paid  to  the 
modeling  of  the  series  resistance  as  a  function  of  the 
terminal  biases. 
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Figure  1:  Series  resistance,  channel  resistance  and 
their  ratio  for  a  LDD  device  from  to  2-D  device  simu¬ 
lations  (Lm=0.25  [xm,  Wm=  iO  fim,  Vds  =  0.10  Volt). 


3  Theory 

The  new  method  only  needs  one  single  MOSFET  to 
measure  (a)  the  series  resistance  as  a  function  of  the 
gate  and  drain  bias,  (b)  the  ratio  of  the  intrinsic  con¬ 
ductances  and  (c)  the  mobility  degradation  coefficients. 
In  [4]  already  such  a  method  was  presented  to  mea¬ 
sure  Rseries  as  a  function  of  gate  bias.  However,  due 
to  some  inaccuracies  inherent  to  the  method  incorrect 
results  can  be  easily  obtained  [5],  which  are  still  valid 
despite  of  recent  improvements  [6].  Our  new  method 
measures  the  conductance  and  transconductance  as  a 
function  of  externally  added  resistance  as  a  function 
of  the  terminal  biases.  It  can  be  easily  derived  that 
the  expression  for  the  conductance  Gd  equals 


Figure  2:  Increase  in  the  drain  series  resistance  as  a 
function  of  drain  bias  at  various  values  of  gate  bias 
(Wm=  2  fim,  Lnt=  0.70  fxm,  Vg=  4  and  5  Volt). 


_  _ Idrain^Y^^) _ 

1  -h  Gdi{Rs  d"  Rd)  +  (Gmi  +  Gbi)Rs 

Similar  expressions  can  be  derived  for  the  transcon¬ 
ductance  Gm  and  infiuence  of  bulk  bias  on  the  drain 
current  Gj,  =  dIdrainIdVb.  Next  the  derivatives  of 
the  series  resistance  with  respect  to  bias  are  obtained 
from  these  conductance  measurements.  If  for  instance 
an  external  drain  series  resistance  Rextd  is  added  and 
the  internal  bias  conditions  for  the  MOSFET  an  thus 
also  the  drain  current  are  maintained,  the  derivative 
of  with  respect  to  Rextd  equals: 


dRextl  (1  “  I drain 

from  which  dRd/dVd  can  be  calculated.  Using  the 
same  approach  dRsfdVg  can  be  extracted  too.  Inte¬ 
gration  of  the  derivatives  yields  the  series  resistance. 
Since  we  are  now  able  to  distinguish  the  intrinsic  MOS¬ 
FET  from  the  extrinsic  MOSFET,  the  ’ohmic’  region 
compact  MOSFET  model  parameters  such  as  the  gain 
factor  /3  and  the  mobility  reduction  coefficients  are 
obtained,  independent  from  the  series  resistance  as 
shown  in  equation  3. 


dRch  { ^Rt  ORseries 

=  -v-,^)  (3) 

Since  the  compact  model  parameters  can  be  deter¬ 
mined,  the  missing  integration  constant  for  the  se¬ 
ries  resistance  at  low  drain  bias  can  be  determined 
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too.  Since  our  method  ’measures’  the  series  resistance 
by  distinguishing  between  the  intrinsic  and  extrinsic 
behavior  of  the  device,  our  method  is  not  limited  to 
MOSFETs  only. 

4  Results 

In  fig.  2  the  measured  increase  of  the  drain  series  re¬ 
sistance  Rdrain  Is  plotted  as  a  function  of  drain  bias 
at  various  values  of  gate  bias.  In  comparison  with 
our  earlier  results  [7],  the  new  method  is  also  so  able 
to  measure  the  drain  series  resistance  in  saturation  as 
shown  in  fig.  3  where  measurement  results  are  com¬ 
pared  with  theoretical  results  (dotted  line).  In  this 
case  Rdrain  is  plotted  as  a  function  of  the  bias  across 
this  resistance. 

A  similar  method  is  used  to  determine  Rseries  as  a 
function  of  gate  bias  at  low  drain  bias.  Since  we  can 
measure  the  ratio  of  the  intrinsic  conductance  and 
transconductance  (fig,  4)  we  are  able  to  determine  the 
bias  across  the  intrinsic  MOSFET  and  thus  also  the 
value  of  Rseries{Vg)-  In  fig.  5  a  measurement  example 
is  given  where  the  results  are  compared  with  results  of 
another  method  [8]  where  a  set  of  MOSFETs  is  needed 
to  determine  Rseriesi^g)- 


5  Modeling 

Our  compact  model  for  the  series  resistance  only  needs 
5  parameters  to  model  the  series  resistance  in  the  full 
bias  range.  Since  according  to  2-D  device  simulations 
the  main  current  path  in  the  junction  is  near  the  inter- 


^  Gd  0  G„  +  G, 


Figure  4:  Ratio  of  intrinsic  conductances  as  func¬ 
tion  of  gate  bias  (Vd  —  0.10  Volt  10  fim, 

Lm  ~  0.  80  jjbm).  Solid  line  is  according  to  our  model 


Vg(V) 


Figure  3:  Measured  drain  series  resistance  at  several 
values  of  gate  bias  as  a  function  of  the  bias  across 
Rdrain  ^  fJLm^  Lfn^  0.70  HmJ. 


Figure  5:  Rt{Vg)  o>nd  i^5erie5(I^p)  for  (A)  set  of  identi¬ 
cal  MOSFETs  and  (B)  the  single  transistor  measure¬ 
ment  technique  (Wm=  10  fim,  Lm=  0.80  fim). 


face  as  illustrated  in  fig,  6  where  the  dissipation  in  the 
MOSFET  is  plotted,  the  gate  bias  dependent  part  of 
Rseries  (at  low  drain  bias)  can  be  modelled  as  a  sum  of 
two  accumulation  resistances  in  parallel  with  a  sheet 
resistance,  giving. 


Rpartiy^g^  — 


Rpar  ^  acO 


^acO  “b  Rpar{Vg  Vfji) 


(4) 


In  the  above  equation  the  sum  of  the  accumulation  re¬ 
sistances  was  assumed  to  equal  Kaco/{Vg  -  Vth)  and 
the  parallel  resistance  Rpar-  For  the  total  series  re¬ 
sistance  the  constant  contact  resistance  Rco  and  the 
sheet  resistance  Rsh  have  to  be  added  to  equation  4. 
The  final  result  is  that  the  measured  series  resistance 
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can  be  perfectly  fitted  using  equation  5 


Rseriesi'^g)  ~  {^co  H"  R$h)  _  Vih) 

From  2~D  device  simulations  we  have  derived  that  the 
increase  in  Rdrain  is  mainly  due  to  velocity  saturation 
in  the  LDD  region  of  the  drain  junction  resulting  in 
a  linear  increase  of  Rdrain  with  the  bias  across  this 
resistance  V^i  as  given  by  equation  6. 

l  +  ^ciFrfi  f  Ndo k  *  xldd\  ^  ^ 

- N, - J 

with  6ci  equal  to  Cq/{Ci  +  Vg).  The  variables  Co  and 
Cl  are  two  constants,  modeling  the  slope  of  Rd  versus 
Vdi  as  a  function  of  the  gate  bias.  Of  course  the  in¬ 
crease  of  the  drain  series  resistance  becomes  noticeable 
when  the  MOSFET  is  in  saturation  as  shown  in  figure 
5  where  the  measured  ’intrinsic’  h-Vds  characteristics 
of  the  intrinsic  MOSFET  are  shown.  In  this  case  the 
voltage  drop  across  the  drain  series  resistance  is  in  sat¬ 
uration  larger  than  the  voltage  drop  across  the  channel 
of  the  MOSFET.  Due  to  this  large  voltage  drop  across 
Rd  it  is  no  longer  possible  to  include  the  drain  series 
resistance  into  the  compact  MOSFET  model.  Instead 
an  additional  node  has  to  be  added  for  Rd- 


A  important  advantage  of  separately  modeling  the  se¬ 
ries  resistance  is  that  better  physical  parameters  for 
the  intrinsic  MOSFET  are  obtained.  Since  the  deter¬ 
mination  of  the  gain  factor  (3  is  no  longer  affect  by  the 
influence  of  series  resistance,  a  better  (larger)  value 
for  AL  is  obtained  (0.30  /rm  instead  of  0.25  ^m).  Also 
the  transversal  electric  field  mobility  reduction  coeffi¬ 
cient  becomes  channel  length  independent.  As  far  as 
the  average  fit  error  is  concerned,  results  show  that  a 


Figure  6:  Local  heat  dissipation  for  N-channel  device. 
The  gate  lies  between  x=0.0  and  x=0.60  pm.  As  ex¬ 
pected  the  dissipated  heat  peaks  near  the  interface. 


V,,  (Volt) 


Figure  7;  (a)  Measured  and  fitted  I  drain  —  Vd's'  curves 
for  the  intrinsic  MOSFET  (Vg  =  2,  3,  4,  5  Volt,  Lm  = 
0.80  pm  and  W  =  10  pm).  The  external  drain  bias 
varied  between  0  and  5.0  Volt. 


reduction  of  50%  in  the  average  fit  error  is  possible  for 
the  fitted  Ids  -  Vds  characteristics.  The  disadvantage 
is  of  course  the  increase  in  the  time  needed  to  extract 
the  series  resistance  parameters  and  for  circuit  simula¬ 
tion,  an  additional  has  to  be  added  for  each  MOSFET. 
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Remarkable  progress  in  silicon-based  device  technology  has  been  made  by  tak¬ 
ing  advantage  of  the  low-temperature  preparation  of  epitaxial  films  in  the  Si/Ge 
materials  system.  A  Variety  of  unique  devices  with  high  performance  have  been 
fabricated.  Lately,  the  world’s  first  highly  integrated  SiGe  IC,  a  l.OGHz  12-bit 
digit al-to-anologue  converter,  was  developed  by  IBM  and  Analog  Devices  [l].  Low- 
temprature  growth  of  boron  and  phosphorus  doped  films  will  be  necessary  in  fu¬ 
ture  integrated  circuit  fabrication.  In  previous  studies  the  boron  doping  of  Si  epi- 
layers  may  be  achieved  satisfactarily.  However,  n-type  doping  to  high  levels  in  low- 
temperature(450-750°C)  Si  deposition  processes  has  been  difficult  due  to  the  heavy 
reduction  of  the  growth  rate  [2],  [3].  In  addition  when  attempting  to  incorporate 
phosphorus  concentrations  in  excess  of  1  x  10^®P/cm^  a  steady  fiow  of  PH3  produces 
an  unstable  level  of  phosphorus  doping  [3],  [4].  In  this  instance,  it  is  believed  that 
phosphorus  accumulates  on  and  eventually  passivates  the  growth  surface.  Study 
of  high  level(>  5  x  lO^^cm”^)  n-type  doping  using  SiH4  as  gaseous  source  has  not 
been  reported  in  the  literature.  In  this  paper,  we  report  an  investigation  of  m  situ 
doping  of  Si  epi-layers,  especially  phosphorus  doping  at  high  levels. 

Doped  layers  in  this  study  were  prepared  in  Rapid  Thermal  Process/  Very  Low 
Pressure  Chemical  Vapor  Deposition(RTP/VLP-CVD)  reactor  which  has  been  pre¬ 
viously  described  elsewhere  [5]  The  main  feature  of  RTP/VLP-CVD  is  the  use  of 
tungsten-halogen  lamps  around  the  quartz  tube  reactor  eis  energy  source  to  activate 
deposition  reaction.  Previous  study  has  shown  that  the  reactant  gases  are  decom¬ 
posed  not  only  thermally  but  also  photochemically.  In  this  paper,  all  samples  were 
grown  at  600°C.  Epitaxial  layers  were  deposited  on  (lOO)-oriented  Si  substrates. 
Overall  initial  substrate  preparation  involved  a  standard  “RCA”  cleaning  process 
followed  by  a  10:1  DI  water/HF  bath  for  15s.  This  preclean  process  produces  an 
oxide-free,  hydrogen  passivated  silicon  surface.  Before  deposition  the  wafers  are 
prebaked  in  H2  at  600°C  for  15  min,  then  the  major  residual  species  in  the  reactor 
is  hydrogen.  The  main  growth  gziseous  source  is  SiH4.  The  gaseous  sources  em¬ 
ployed  for  the  purpose  of  doping  was  2000ppm  B2H6  in  H2  and  1800ppm  PH3  in 
H2.  The  partial  pressure  of  SiH4  was  maintained  at  lOmtorr  during  deposition.  The 
ratio  of  diluted  dopant  fiow  rate  to  SiH4  fiow  rate  varied  from  0.1  to  1.6.  Growth 
duration  was  between  45  and  150  min  producing  80-350-nm-thick  epitaxial  layers, 
epi-layer  thickness  and  phosphorus  incorporation  were  determined  from  spreading 
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resistance(SRP),  secondary-ion  mass  spectroscopy  (SIMS)  profiling. 


Depth(/iiii)  Depth(/[im) 

Fig.  1.  A  typical  SIMS  profile  of  Fig.  2.  A  typical  SIMS  profile  of 

boron  epitaxial  Si  deposited  at  phosphorus  in  epitaxial  Si  deposited  at 

600^C  from  SiH4  and  2000ppm  B2H6  in  H2  •  600°C  from  SiH4  and  1800ppm  PH3  in  H2  . 

Figure  1  shows  a  SIMS  profile  of  boron  doped  Si  epi-layer  in  which  boron  con¬ 
centration  up  to  1.4xlO^^B/cm®  has  been  achieved  and  sharp  doping  transition  has 
been  obtained.  In  addition,  the  boron  concentration  is  proportional  to  B2H6  flow 
rate  (not  shown).  This  is  consistent  with  a  simple  picture  of  boron  incorporation 
in  which  B2H6  has  a  small  sticking  coefficient  and  does  not  block  surface  sites. 

Figure  2  shows  a  typical  SIMS  profile  of  phosphorus  doped  Si  epi-layer  in  which 
chemical  stability  and  abrupt  dopant  transition  have  been  achieved.  The  flat  depth 
profile  shows  that  epitaxial  layer  has  nearly  constant  phosphorus  level.  The  in¬ 
corporation  efficiency  of  phosphorus  from  the  gas  phase  is  stable.  A  steady  flow 
of  PH3  produces  a  constan  level  of  incorporated  phosphorus  rather  than  a  mono- 
tonically  increasing  one  [4].  Phosphorus  content  of  epitaxial  layer  is  determined 
by  the  phosphine  atomic  fraction  present  in  the  growth  source.  In  this  instance 
of  n-type  film  growth,  a  surface  poisoning  effect  [6]  is  not  observed.  There  is  no 
dopant  buildup  on  the  growth  surface  or  the  reactor  wall.  Figure  2  also  shows  that 
the  dopant  concentation  turn-on  slope  is  about  180A/decade.  In  addition.  Figure 
3  shows  the  phosphorus  doping  concentration  as  a  function  of  the  ratio  of  diluted 
PH3  flow  rate  to  SiH4  flow  rate.  Chemical  concentration  as  high  as  2.5  x  10^°P/cm^ 
was  achieved.  The  date  suggest  that  the  phosphorus  concentration  is  proportional  to 
diluted  PH3  flow  rate  and  phosphorus  does  not  block  surface  sites,  many  phospho¬ 
rus  doped  samples  show  that  the  reproducible  range  of  phosphorus  concentration 
is  from  1.5  X  10^*  to  1.2  x  10^°P/cm^.  We  obtained  growth  rates  from  a  series  of 
SIMS  profiles  related  to  samples  grown  under  different  PH3  flow  rates,  as  plotted 
in  Figure  4.  The  growth  rate  decreases  as  the  ratio  of  diluted  PH3  flow  rate  to 


136 


SiH4  flow  rate  increases.  When  the  flow  rate  ratio  varies  from  0.1  to  1.4,  the  growth 
rate  decreases  from  30  A/min  to  4A/min. 


[PHa  +H2  ]/[SiH4  ]  [PHs  +H2  l/[SiH4  ] 


Fig.  3.  Phosphorus  incorporation 
in  Si  cts  a  function  of  the  ratio  of 
diluted  PH3  flow  rate  to  SiH4  flow  rate. 


Fig.  4.  Phosphorus  doped  epitaxial  Si 
growth  rate  dependence  on  the  ratio  of 
diluted  PH3  flow  rate  to  SiH4  flow  rate. 


The  reason  why  a  constant  level  of  incorporated  phosphorus  is  achieved  should 
attribute  to  the  features  of  RTP/VLP-CVD  and  the  introduce  of  a  large  amoimt 
of  diluted  gas  H2  .  As  reported  in  previous  literature  [6],  the  study  of  the  inter¬ 
action  of  SiH4  and  PH3  with  Si(lOO)  surface  demonstrates  that  a  stable  layer  of 
adsorbed  phosphorus  will  form  during  the  phosphorus-doping  deposition  process. 
This  high  phosphorus  coverage  leads  to  accumulation  of  phosphorus  on  Si  surface, 
which  accounts  for  the  rapid  reduction  of  the  Si  deposition  rate  and  the  unstablity 
of  phosphorus  content.  However,  in  RTP/VLP-CVD  the  main  feature  of  seleting 
tungsten-halogen  lamps  as  energy  source  to  activate  deposition  reaction  has  very 
important  effete  on  the  phosphorus  doping  process.  Previous  study  has  shown 
that  the  reactant  gases  are  decomposed  not  only  thermally  but  also  photochemi- 
cally.  The  consequent  activation  energy  is  4.5Kcal/mol  [7],  which  is  much  lower 
than  37Kcal/mol,  the  activation  energy  of  SiH4  pyrolysis  [8];  so  the  adsorption  co¬ 
efficient  of  SiH4  on  Si(lOO)  is  high  in  RTP/VLP-CVD.  The  reaction  probability 
of  SiH4  on  Si(lOO)  will  be  higher  under  lower  activation  energy.  The  coverage  of 
adsorbed  SiH4  on  Si(lOO)  surface  will  promote  greatly;  and  coverage  of  adsorbed 
PH3  on  Si(lOO)  surface  will  reduce  relatively.  Consequently,  the  effect  of  phos¬ 
phorus  buildup  on  growth  surface  will  be  weaken  to  a  large  extent.  Forthmore, 
with  presence  of  a  large  amount  of  dilute  gas  H2  ,  the  desorption  of  the  reaction 
by-product,  H2  from  surface  becomes  less  efficient,  so  the  surface  reactive  sites  are 
mostly  occupied  by  surface  species,  H,  SiH,  SiH2,  SiHs  rathor  than  phosphorus. 
The  formation  of  the  overlayer  of  adsorbed  phosphorus  is  hindered  by  the  presence 
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of  dilute  gas  -  In  this  instance,  there  is  no  accumulation  of  phosphorus  on  Si 
surface.  This  results  in  a  constant  level  of  incorporated  phosphorus.  On  the  other 
hand,  the  dilute  gas  H2  will  decrease  the  growth  rates,  since  the  desorption  rate 
of  hydrogen  which  is  the  reaction-limited  process  will  decrease  with  introduce  of  a 
large  amount  of  dilute  gas  H2  .  This  reduction  of  growth  rates  we  belive  is  a  result 
of  the  introduce  of  dilute  gas  H2  rather  than  phosphorus. 

In  this  paper,  boron  doped  Si  epi-layer  with  boron  up  to  1.4xlO^^B /cm^  has  been 
grown.  The  results  of  boron  doping  are  similar  to  those  on  other  CVD  using  the 
same  reactant  gases.  Specially,  by  using  ISOOppm  PH3  diluted  in  H2  as  dopant  in 
RTP/VLP-CVD,  we  obtained  samples  in  which  phosphorus  doping  concentrations 
are  constant.  Phosphorus  concentration  as  high  as  2.5xlO^°P/cm^  was  achieved.  No 
evidence  shows  time-dependent  accumulation  of  phosphorus  on  the  growth  surface 
or  the  reactor  wall.  In  addition,  the  growth  rates  decreaise  as  the  flow  rate  of  diluted 
phosphine  increases. 
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Recently,  there  is  an  increased  interest  in  the  use  of  SiGd  layered 
material  for  integration  with  Si  technology  [1],[2].  The  SiGe  system  has  the 
potential  for  high  speed  and  optical  devices  which  may  compensate  for 
deficiencies  of  conventional  Si  devices.  But,  the  biggest  problem  with  SiGe 
when  it  comes  to  optoelectronic  application  is  its  indirect  band  structure. 
As  a  result,  it  is  not  a  efficient  light  emitter.  At  the  same  time,  we  have 
noticed  a  promising  material  ;ff-FeSi2  as  a  semiconductor  with  a  direct  band 
structure  [3], [4].  The  band  gap  was  measured  to  be  0.85eV,  which  makes 
it  an  ideal  candidate  material  for  both  source  and  detector  devices  in  the 
1.3-1.6um  wavelength  range.  In  addition,  the  fabrication  procedure  is 
compatible  with  the  silicon-based  microelectronic  technology,  which  reveals 
its  brilliant  prospects  in  the  optoelectronic  industry  field. 

So,  it  occurs  to  us  that  if  we  can  combine  the  benefit  of  direct  band 
structure  of  yS-FeSij  with  today's  developed  SiGe  techniques,  chance  is 
good  that  we  will  obtain  a  new  semiconducting  material.  In  another  word, 
since  the  lattice  parameter  of  Ge  is  larger  than  that  of  Si  atom,  when  some 
Si  atom  in  the  )ff-FeSi2  lattice  structure  are  replaced  with  Ge  atom,  a  certain 
kind  of  lattice  distortion  will  take  place,  resulting  in  respective  changes  of 
y?-FeSi2  band  structure  and  especially  a  shift  of  band  gap. 

As  we  know,  the  conventional  method  to  fabricate iff-FeSi2  thin  films  is 
solid  phase  epitaxy(SPE)  or  reactive  deposition  epitaxy(RDE),  which  involves 
iron  deposition  process  on  silicon  substrate  and  a  following  annealing 
process.  In  our  experimental  work,  to  form  the  Ge-Si-Fe  alloys,  a  new 
attempt  is  made  to  first  grow  iron  thin  films  epitaxially  onto  hot  SiGe 
substrate  and  then  take  annealing  process  at  higher  temperature. 

In  this  paper,  we  report  for  the  first  time  the  synthesis  of  Ge-Si-Fe  alloy, 
a  new  semiconducting  material.  The  whole  process  of  Ge-Si-Fe  alloy 
fabrication  includes  the  SiGe  strain  relaxed  epitaxial  layer  preparation,  iron 
deposition  onto  the  SiGe  layer  and  annealing  process.  The  SiGe  layer  were 
prepared  by  grow  epitaxial  strain  relaxed  SiGe  layer  on  silicon  substrate.  A 
very  low  pressure  chemical  vapor  deposition  system  (RTP/VLP-CVD)  has 
been  used  to  grow  epitaxial  SiGe  layer  on  Si  substrate.  The  deposition 
process  details  of  the  growth  system  has  been  described  elsewhere  [5]. 
Auger  electron  spectroscopy(AES)  shows  the  SiGe  layer  has  been 
successfully  grown  on  Silicon  substrate  with  the  Ge  content  of  7%.  Then 
iron  was  deposited  onto  hot  SiGe  layer  followed  by  a  annealing  process  at 
about  700 °C  for  30min  in  a  high  vacuum  evaporation  system.  The  ex-situ 
Auger  electron  spectra  shows  that  the  thickness  of  Ge-Si-Fe  alloy  films 
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Fig  1  .X-ray  diffraction  pattern  for 
Ge-Si-Fe  alloy  thin  film. 


grown  on  SiGe  layer  is  about  1700A  .  For  comparison,  a  Si(IOO)  substrate 
has  been  taken  into  the  evaporation  chamber  together  with  the  SiGe  layer 
to  grown  epitaxial  ^-FeSi2  Thin  film  under  the  same  process  condition. 

X-ray  diffraction(XRD)  nieasurementand  Auger  electron  spectroscopy 
(AES)  have  been  applied  to  investigate  structure  properties  and  depth  profile 
of  the  new  Ge-Si-Fe  alloy  thin  film.  Optical  transmission  measurement  was 
followed  to  investigate  its  optical  properties.  XRD  plot  is  shown  in  fig.1, 
which  gives  a  set  of  diffraction  peaks  of  Ge-Si-Fe  alloy.  The  set  of  peaks  is 
almost  the  same  as  that  of  /J-FeSij  [6]  thin  film.  On  the  other  hand,  Ge  in 
the  Ge-Si-Fe  alloy  has  been  detected  by  Auger  electron  spectroscopy  The 
content  of  Ge  is  very  low,  about  2.5%.  So,  We  can  draw  a  conclusion  that 
the  distortion  caused  by  the  Ge  replacement  is  so  small  that  the  changes 
of  lattice  parameters  of  ^-FeSi2  can't  be  observed  from  the  XRD  results  due 
to  the  very  low  content  of  Ge  in  alloy  films.  For  convenience,  we  continue 
to  use  the  Miller  indices  of  y?-FeSi2  to  represent  the  diffraction  peak  of  Ge- 
Si-Fe  alloys.  Among  the  peaks,  (220)  peak  is  the  most  prominent  one,  sharp 
and  intense,  which  gives  a  strong  evidence  of  high  crystal  quality.' 

Optical  transmission  spectroscopy  technique  has  been  employed  to  study 
the  band  structure  of  Ge-Si-Fe  alloy  thin  films.  Fig. 2  shows  the  transmission 
spectra  of  Ge-Si-Fe  alloy  and  ^-FeSi2.  Both  Ge-Si-Fe  alloy  and  A-FeSi,  thin 
film  exhibits  a  strong  absorption,  while  the  absorption  edge  energy  of  Ge-Si- 
Fe  alloy  is  lower  than  that  of  y?-FeSi2.  This  result  shows  that  Ge-Si-Fe  is  a 
new  semiconducting  material  with  direct  band  gap  a  little  lower  than  that 
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Fig. 2  Optical  transmission  ^ 
spectra  of  Ge-Si-Fe  alloy  and  yff-  .2 
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apparent  shift  of  absorption  edge  S 
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Fig. 3  Absorption  coefficient  vs 
photo  energy  for  Ge-Si-Fe  alloy 
and  y?-FeSi2  thin  film.  The  strong 
increase  of  absorption  coefficient 
up  to  lO^cm  *  is  consistent  with 
the  existence  of  direct  energy 
gap. 
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of  0-feS\2.  The  onset  of  absorption  just  below  0.6eV  is  due  to  extrinsic 
transitions  involving  defect  states  within  the  forbidden  energy  gap  [6]. 
Absorption  coefficient  of  Ge-Si-Fe  alloy  and  yff-FeSij  as  fig. 3  shows  is 
deduced  from  the  transmission  data.  A  strong  increase  of  absorption 
coefficient  up  to  10®cm’^  can  be  observed,  which  is  consistent  with  the 
existence  of  a  direct  optical  gap  of  the  new  alloy.  In  order  to  estimate  the 
energy  gap  of  Ge-Si-Fe  alloy,  plots  of  absorption  coefficient  square  versus 
the  photon  energy  were  made,  which  exhibit  straight  line  and  indicate  a 
direct  band  gap  of  0.83eV  while  )5-FeSi2  at  0.87eV. 

In  conclusion,  a  new  semiconducting  material  Ge-Si-Fe  alloy  thin  film  has 
been  achieved  by  using  reactive  deposition  epitaxy  on  strain  relaxed  GeSi 
layer.  The  new  Ge-Si-Fe  alloy  exhibits  exciting  direct  optical  absorption  near 
0.83eV  in  the  optical  transmission  measurement,  which  means  a  shift  of 
band  gap  from  P-FeS\2  thin  film.  It  offers  new  choice  for  silicon-based 
optoelectronic  device  engineers  to  "tailor"  the  optoelectronic  properties  to 
the  need.  We  are  suggesting  that  by  changing  the  content  of  Ge  in  the 
alloy,  Ge-Si-Fe  alloy  with  desired  energy  gap  can  be  formed,  following  the 
way  opened  for  GeSi  system  several  years  ago.  The  first  step  has  been 
taken  to  study  the  formation  and  properties  of  the  new  alloy  in  our  research 
work,  further  investigation  is  quite  necessary  about  the  role  of  Ge  atoms  in 
the  new  alloy,  the  kinetics  of  fabrication  process  and  the  potential  prospect 
of  application. 
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Abstract 

Damage  and  diffusion  caused  by  silicon  (Si+)  ion  implantation  into  epitaxial  gallium 
arsenide  (GaAs)  was  studied  by  capacitance  versus  voltage  (C-V)  measurements  as  a 
function  of  temperature  from  25  to  300oC.  The  C-V  measurements  were  performed  on 
gallium  arsenide  low  doped  (n-type,  10 1^  cm"^)  epitaxial  material  grown  by  molecular 
beam  epitaxy  (MBE)  to  a  nominal  thickness  of  5  |im  on  semi-insulating  gallium  arsenide 
(GaAs)  substrates.  The  GaAs  material  was  separated  into  three  regions  labeled  A,  B,  and 
C,  respectively.  The  first  (A)  and  second  (B)  regions  each  received  an  implant  at  a  dose  of 
5x10^2  cm^  Si+.  Region  A  was  implanted  at  an  energy  of  250  KeV  and  region  B  was 
implanted  at  an  energy  of  100  KeV.  The  third  region  (C)  served  as  a  reference  region  and 
was  not  implanted.  To  gain  further  understanding  into  the  damage  caused  by  ion 
implantation,  no  aimealing  was  performed  after  the  ion  implantation. 

The  teclmology  of  solid  state  devices  and  circuits  is  constantly  moving  towards 
increased  speed,  miniaturization,  and  higher  temperature  operation.  High  speed  devices 
that  operate  effectively  from  room  temperature  (25°C)  to  300oC  are  needed  for  use  in  such 
areas  as  the  automotive  industry,  the  aerospace  industry,  geothermal  exploration,  space 
exploration,  and  super  computers.  Systems  required  for  cooling  electronic  components 
add  weight  and  complexity  to  the  product.  In  the  aerospace  industry,  weight  is  an 
especially  critical  factor.  If  the  weight  and  space  utilized  by  cooling  equipment  can  be 
reduced  or  eliminated  by  using  more  heat  resistant  components,  critical  factors  such  as 
payload  and  range  can  be  increased.  The  pursuit  of  high  speed  and  high  temperature 
devices  for  use  in  industry  has  prompted  research  in  semiconductors  including  III-V 
materials  and  silicon  carbide  (SiC)  both  of  which  have  reached  a  relatively  high  level  of 
processing  and  device  maturity.  III-V  materials  such  as  gallium  arsenide  (GaAs)  offer  the 
capability  of  operating  both  at  higher  speeds  and  higher  temperatures  than  silicon  (Si)  and 
have  a  more  mature  technology  base  than  SiC.  For  these  and  other  reasons,  we  have  been 
investigating  the  high  temperature  electrical  properties  of  GaAs-based  devices.  Ion 
implantation  of  GaAs  is  an  attractive,  cost-efficient,  and  established  technology  to  produce 
active  regions  in  semi-insulating  GaAs  for  low-parasitic,  high  speed  devices.  However, 
ion  implantation  does  cause  damage  to  GaAs  [1-7].  Although  most  of  this  damage  can  be 
thermdly  annealed  out,  certain  carrier  compensating  defects  remain  [1-4].  Some  of  these 
carrier  compensation  defects  may  be  due  to  gallium  (Ga)  vacancy-donor  complexes  which 
have  been  detected  by  photoluminescence  (PL)  [3]  and  cathodoluminescence  [4]  while 
other  defects  related  to  ion  implantation  damage  remain  undetected.  Others  have  reported 
the  on  the  effects  of  background  doping  and  implant  damage  on  the  diffusion  of  implanted 
Si  in  GaAs  [6,7].  To  fully  understand,  characterize,  and  exploit  GaAs-based  electronics  at 
high  temperatures,  it  is  necessary  to  investigate  trap-related  phenomena  and  ion-implanted 
damage  in  GaAs  at  high  temperatures.  In  this  paper,  we  continue  our  investigation  of  the 
capacitance  vs.  voltage  (C-V)  characteristics  as  a  function  of  temperature  on  ion-implanted 
GaAs  first  reported  at  the  1993  ISDRS  [1]. 
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The  C-V  measurements  were  performed  on  circular  capacitor  structures  which 
consisted  of  a  lOOOA,  130  p.m  diameter  titanium  tungsten  (TiW)  Schottky  metal  contact 
surrounded  by  a  TiW  field  separated  from  the  circular  metal  contact  by  an  annular  gap. 
These  C-V  structures  were  specially  designed  to  investigate  the  effects  of  high  temperatures 
on  ion-implanted  GaAs.  Figure  1  shows  the  room  temperature  C-V  curves  for  the 
unimplanted,  250  KeV,  and  100  KeV  capacitors.  As  can  be  clearly  seen,  for  any  voltage, 
between  +0.5  to  -15  volts,  the  unimplanted  reference  region  has  the  highest  capacitance 
value  of  the  three  regions.  This  can  be  easily  understood  in  terms  of  carrier  trapping 
caused  by  the  ion  implantation  process.  The  250  KeV  region  has  considerably  more 
damage  than  the  100  KeV  region.  Carrier  concentration  vs.  depth  measurements  of  the  md 
two  implanted  regions  (region  A;  250  KeV,  region  B:  100  KeV)  and  the  reference  region 
(C)  as  a  function  of  temperature  from  room  temperature  to  SOO^C  were  calculated  from  the 
raw  C-V  measurement  data.  No  unusual  or  unexpected  features  were  observed  in  the 
region  C  C-V  characteristics  at  high  temperatures.  Figure  2  shows  the  semi-log  room 
temperature  carrier  concentration  versus  depth  plots  for  all  three  regions.  Figure  3  shows  a 
linear  plot  of  the  data  shown  in  Figure  2.  As  can  be  cle^ly  seen  from  Figures  2  and  3,  in 
addition  to  the  implant  damage,  there  is  some  activation  of  the  implant.  Also  easily 
observable  is  that  for  the  ion  implanted  regions  the  free  carriers  are  absent  up  to  a  distance 
of  2  |im  from  the  surface.  This  situation  changes  significantly  at  higher  temperatures. 
Figure  4  shows  the  carrier  concentration  versus  depth  at  room  temperature,  lOQoC, 
150OC,  and  200oC  for  a  250  KeV  ion  implanted  capacitor. 

From  the  data  presented  in  Figures  1  through  4  we  can  draw  some  general  conclusions 
that  have  been  verified  on  the  three-region  capacitors  and  other  capacitors  not  shown  or 
discussed  in  this  paper.  Temperatures  as  high  as  300oC  did  not  result  in  any  permanent 
change,  redistribution  of  carriers,  or  other  damage  to  any  of  the  three  regions.  However, 
as  seen  previously  in  other  samples  presented  at  the  1993  ISDRS,  a  carrier  peak  is 
observed  at  elevated  temperatures  that  moves  closer  to  the  surface  as  the  temperature 
increases.  This  subsurface  peak  was  observed  for  all  region  A  and  B  capacitors  tested  at 
high  temperatures.  The  onset  of  the  subsurface  peak  can  be  clearly  detected  at  temperatures 
as  low  as  lOQoC  (more  typically,  in  the  range  of  125  to  175oC)  and  moves  monotonic^y 
closer  to  the  surface  with  increasing  temperature.  For  regions  B  ^d  C,  the  concentration 
near  the  surface  first  increases  monotonically  with  temperature  (in  this  case  up  to  about 
200°C)  and  then  decreases  monotonically  as  temperature  is  further  increased.  To  more  fliUy 
understand  these  effects  we  have  performed  C-V  measurements  on  region  A  and  B  material 
that  has  received  standard  annealing  treatment  after  implantation.  Details  of  the  damage, 
diffusion,  and  redistribution  of  the  both  the  epitaxial  and  implanted  Si  will  be  presented. 
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Figure  1 .  Plot  of  capacitance  versus  voltage  for  samples  A,  B  and  C  at  room 
temperature. 


DEPTH  (urn) 


Ficure  2.  Plot  of  carrier  concentration  for  samples  A ,  B  and  C  at  room 


temperature 
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Figure  4.  Plot  of  carrier  concentration  versus  depth  for  sample  A  from  room 
temperature  to  200  Celsius. 


NANOMETER-SCALE  MAPPING  OF  DOPED  LAYERS  IN  InP 
STRUCTURES  AND  DEVICES 

M.  V.  Moore  and  R.  Hull,  Department  of  Materials  Science,  University  of  Virginia,  Charlottesville,  VA 
22903;  R.F.  Karlicek,  Jr.  and  M.  Geva,  AT&T  Bell  Laboratories,  9999  Hamilton  Blvd.,  Breinigsville, 
PA  18301;  P.  D.  Carleson,  FEI  Company  ,  7451  N.E.  Evergreen  Pk\vy.,  Hillsboro,  OR  97124;  J.F. 
Walker,  FEI  Europe  Inc.,  Brookfield  Business  Center,  Cottenham,  Cambridge  CB44PS,  England 

We  have  observed  strong  contrast  between  organometallic  vapor  phase  epitaxy-grown 
p-doped  (Zn),  i-doped  (Fe),  and  n-doped  (Si,  S)  layers  in  InP  samples  which  are  prepared  with 
a  Ga  ^  focussed  ion  beam  (FIB)  for  imaging  with  a  transmission  electron  microscope  (TEM) 
[1].  This  unexpected  contrast  is  extremely  powerful  for  nanometer-scale  mapping  of  dopant 
distributions  in  InP-based  structures  and  devices. 

Doping  concentrations  as  low  as  10  cm  can  be  imaged  with  this  technique; 
contrast  levels  of  20%-50%  between  p-  and  i-  (dark  in  the  image)  and  n-type  (light)  layers 
have  been  observed  in  the  dopant  range  of  10  cm  ^  -  10  **  cm  ^ .  Spatial  resolution  is  on 
the  order  of  tens  of  nanometers  or  better.  These  resolution  limits  extend  the  capabilities  of 
mapping  of  dopants  in  InP-based  devices. 

We  have  only  observed  this  contrast  in  doped  InP,  not  in  comparably  doped  Si,  GaAs, 
or  ZnSe.  The  anomalous  contrast  is  only  present  in  samples  milled  in  a  FIB,  which  uses  a  30 
keV  Ga  ^  beam  at  glancing  incidence  to  the  sample  surface;  the  contrast  is  not  observed  in 
samples  prepared  with  conventional  Ar  ion  milling,  which  employs  a  5  keV  beam  at  an 
incident  angle  of  14-18  degrees.  The  contrast  present  in  the  FIB-prepared  samples  increases 
under  electron  irradiation  in  the  TEM.  We  are  currently  seeking  to  explain  the  physical 
mechanism  for  producing  this  contrast.  It  is  not  conventional  TEM  diffraction  contrast,  since 
the  polarity  of  the  image  does  not  reverse  under  any  imaging  condition,  including  when  the 
diffraction  condition  is  changed  from  bright  field  to  dark  field.  The  contrast  is  determined  to 
be  of  the  “absorption”  type,  corresponding  to  differential  scattering  of  electrons  out  of  the 
image  collection  system,  although  it  is  not  clear  how  a  change  of  1  in  10^  atoms  can  produce 
20%  -  50%  contrast.  Our  current  understanding  of  the  contrast  mechanism  centers  upon 
generation  of  point  defects  in  the  FIB  and  TEM  and  on  the  nature  of  the  bonds  in  the  material. 
To  see  if  the  contrast  mechanism  depends  on  the  covalent-ionic  nature  of  the  bonds  in  InP,  we 
are  examining  InGaAs(P)  ternary  and  quaternary  materials  that  have  bonds  of  varying  degrees 
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of  covalency  and  ionicity.  We  are  also  investigating  the  sensitivity  of  the  contrast  to  types  of 
dopant  atoms  as  well  as  their  concentrations. 

Examination  of  the  InP  doping  superlattice  (grown  as  200  nm  of  2  x  10  cm  Si  + 
200  nm  of  2  X  10  Zn  bilayers)  shown  in  Figure  1  shows  the  application  of  this  technique  to 
studying  growth  and  diffusion  over  nonplanar  surfaces.  Growth  rates  were  obtained  by 
measuring  the  bilayer  thickness,  and  Zn  diffusion  lengths  were  calculated  by  subtracting  half 
the  bilayer  thickness  from  the  dark  p-doped  (Zn)  layer;  the  results  are  shown  in  the  contour 
map  of  Figure  2.  This  is  a  new  technique  for  studying  nonplanar  growth  and  diffusion  in  InP 
structures  with  direct  application  in  the  study  of  regrowth  of  current  blocking  layers  around 
etched  mesas  in  GMBH  (capped  mesa  buried  heterostructure)  lasers. 

In  summary,  we  have  found  a  new  technique  for  nanometer-scale  mapping  of  dopants 
in  InP.  Our  future  goals  are  fourfold:  (1)  to  further  calibrate  and,  we  hope,  extend,  the  limits  of 
the  technique  in  InP;  (2)  to  understand  the  mechanism  of  the  contrast;  (3)  to  extend  the 
capability  of  high-resolution  dopant  mapping  to  other  materials;  (4)  to  apply  the  technique  to 
other  structures  of  technological  interest. 

We  gratefully  acknowledge  critical  prior  collaboration  with  D.  Bahnck  and  F.A.  Stevie 
of  AT&T. 
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Recent  studies  showed  that  heterostructure- 
emitter  bipolar  transistors  can  not  only  overcome 
some  drawbacks  of  conventional  HBTs,  but  can 
also  offer  a  high  current  gain,  a  low  offset  voltage 
and  good  uniformity  [1-3].  The  thickness  of  the 
emitter  set-back  layer  plays  an  importance  role  for 
the  HEBT  performance.  HowevCT,  previous  studies 
were  mainly  based  on  DC  performance  [1,  2].  In 
this  pqjer,  the  investigations  of  the  effects  of  the 
emitter  set-back  layer  on  both  DC  and  RF 
performance  of  GaInP/GaAs  HEBTs  are  presented 
experimentally  and  theoretically. 

C-doped  GaInP/GaAs  HBTs  and  HEBTs 
were  fabricated  same  as  reference  [3].  HEBTs  with 
two  emitter  set-back  layer  thicknesses  (We)  of 
150A  and  300A  are  designated  HEBT(150A)  and 
HEBT(300A),  respectively.  Non  self-aligned  cross 
section  of  devices  is  shown  in  Fig.  1.  The 
heterostructure-emitter  consists  of  an  n-GaAs 
emitter  set-back  layer  sandwiched  between  an  n- 
GalnP  confinement  layer  and  a  p-GaAs  base  layer. 
There  are  two  possible  cases  for  the  emitter 
junction  under  forward  bias.  The  emitter  set-back 
layer  is  fully  depleted  when  the  base-emitter  bias 
is  low  or  the  emitter  thickness  is  thin.  In  this 
case,  if  the  emitter  potential  spike  is  below  the 
base  conduction  band,  the  electron  injection  from 
the  emitter  to  base  is  the  same  as  homojunction, 
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otherwise  the  electron  injection  is  like  the 
heterojunction.  The  hole  injection  current  from  the 
base  to  emitter  follows  that  of  the  heterojunction. 
When  the  base-emitter  bias  is  high  or  the  emitter 
set-back  layer  is  thick,  the  emitter  set-back  layer  is 
partially  neutral.  The  band  diagram  for  this  case  is 
shown  in  Fig.  2.  The  electron  injection  cuirent  is 
like  the  homojunction.  The  hole  current  consists 
of  the  recombination  current  (Jpj)  in  InGaP  layer 
region  and  the  recombination  current  (Jp2)  in 
neutral  n-GaAs  region  due  to  the  hole  storage.  The 
hole  storage  also  contributes  diffusion  capacitance 
to  the  total  emitter  capacitance.  By  solving  the  one 
dimensional  Poisson’s  equation,  diffusion  equation 
and  current  continuity  equation  under  depletion 
approximation,  the  current  gain,  collector  to 
emitter  offset  voltage  and  emitter  capacitance  are 
calculated. 

Rg.  3  shows  calculated  and  measured  gains 
for  HBT  and  HEBTs.  The  results  show  that  the 
current  gains  of  HEBTs  are  the  same  as  those  of 
HBTs  at  a  low  current  regime.  The  gain  of 
HEBT(150A)  tracks  that  of  HBT,  while  the  gain  of 
HEBT(300A)  is  lower  than  that  of  HBTs  in  the 
high  current  regime.  Calculation  indicated  that  the 
lower  gain  of  HEBT(300A)  is  due  to  the  hole 
recombination  in  the  n-GaAs  region  under  high 
forward  bias. 
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The  offset  voltage  versus  the  emitter  set¬ 
back  layer  is  shown  in  Fig.  4.  The  offset  voltage 
decreases  with  the  increase  of  Wg  and  becomes 
constant  for  Wg  >  lOOA.  This  indicates  that  Wg  of 
lOOA  is  enough  to  eliminate  the  effect  of  the 
emitter  potential  spike  on  the  emitter  injection 
currenL 

The  calculated  emitter  capacitance  {Cg) 
versus  collector  current  density  fw  HBT  and  HEBTs 
is  shown  in  Fig.  5.  The  emitter  capacitance 
consists  of  depletion  and  diffusion  capacitances. 
The  calculation  indicates  that  the  diffusion 
capacitance  of  HBT  and  HEBT(150A)  can  be 
neglected  so  that  the  emitter  capacitances  of  them 
consist  of  only  depletion  capacitance  for  a  coUector 
current  density  {Jg  )  less  than  7x10^  PJcvcfi. 
However,  the  contribution  of  the  diffusion 
capacitance  to  Q  is  significant  for  HEBT(300A)  at 
aJc>  10^  A/cm^.  This  is  because  the  hole  storage 
in  the  emitter  set-back  layer.  The  value  of  Cg  for 
HBTs  is  slightly  higher  than  that  of  HEBT(150A) 
for  Jg  >  1x10^  PJcxv?  due  to  the  higher  base- 
emitter  bias  necessary  for  HBT  to  reach  the  same 
current  level  as  HEBT.  However,  the  difference  in 
Cg  is  insigniflcant.  In  order  to  compare  the 
calculated  results  with  measured  values,  the  emitter 
capacitances  of  fabricated  small  size  devices  [3] 
were  extracted  based  on  the  measured  S-parameters 
[4].  Fig.  6  shows  the  calculated  and  measured 
emitter  capacitances  as  a  functitm  of  the  emitter  set¬ 
back  layer  thickness  at  Jg  of  1x10^  A/cm^.  The 
values  of  Cg  of  HBT  and  HEBT(150A)  are  the 
same,  but  the  value  of  Cg  of  HEBT(3(X)A)  is  about 
twice  as  large  as  that  of  HBT. 

Cutoff  frequencies  were  calculated  by  using 
calculated  emitter  capacitances  and  assuming  that 
the  devices  have  the  same  parasitic  resistances 
(Rcc+Ree)  collector  c^acitances  as  measured 
from  HBT  sample  and  the  same  base  to  collector 
transit  times  as  estimated  from  device  structure. 


Fig.  7  shows  the  cutoff  frequencies  versus  emitter 
set-back  layer  thickness  at  Jg  of  1x10^  A/cm^.  The 
cutoff  frequencies  from  calculation  are  the  same  for 
the  devices  with  We  less  than  200A  and  decrease  for 
the  devices  with  We  larger  than  200A.  The  peak 
cutoff  frequencies  also  shown  in  Fig.  7  from 
fabricated  5x5  pm^  devices  are  37, 31  and  20  GHz 
for  HBT,  HEBT(150A)  and  HEBT(300A), 
respectively.  The  lower  values  of  measured  cutoff 
frequencies  for  HEBTs  than  those  of  calculation  are 
due  to  the  higher  values  of  Rcc+Ree  for  HEBTs 
than  that  of  HBT.  Small  signal  parameters  of  each 
sample  extracted  from  measured  S-parameters  show 
that  the  collector  c^acitances  are  the  same  for  all 
samples.  The  value  of  Rcc+Ree  for  HBT  is  lowest 
and  the  value  of  Rcc+Ree  highest.  If  the  values 
of  Rcc+Ree  are  the  same  for  all  samples,  the 
agreement  of  the  experiment  and  the  calculation 
should  be  good. 

In  summary,  it  is  shown  that  the  emitter 
diffusion  capacitance  due  to  the  hole  storage 
degrades  the  HEBT  DC  and  RF  performance,  if  the 
emitter  thickness  is  not  properly  designed.  From 
above  results,  the  optimal  thickness  of  the  emitter 
set-back  layer  has  been  found  to  be  100-200A  for 
GaInP/GaAs  HEBTs.  Devices  with  an  optimal  Wg 
show  good  DC  and  RF  performance.  In  addition, 
because  the  p-n  junction  of  the  HEBT  is  away  from 
the  heterointerface,  the  HEBT  structure  can  be  more 
reliable  in  terms  of  the  base  dopant  outdiffusion  and 
will  be  attractive  in  circuit  applications. 
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Emitter 


Fig.  1  Cross  section  of  GaInP/GaAs  devices.  Wg  = 
0,  150A  and  300A  for  HBT,  HEBT(150A)  and 
HEBT(300A),  respectively. 
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n-InGaP  I  n-GaAs  I  p-GaAs 

Fig.  2  Band  diagram  of  the  heterostructure-emitter 
junction  under  forward  bias.  0<x<d  is  the  neutral 
emitter  region  and  d<x<W£  is  the  depletion  region. 
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Fig.  3  Calculated  and  measured  current  gains 
versus  collector  current  density  (a)  HBT  and 
HENT(150A)  and  (b)  HEBT(300A). 
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Fig.  4  Calculated  and  measured  offset  voltages 
versus  emitter  set-back  layer  thickness. 


2 

Collector  Current  Density  (A/cm  ) 

Fig.  5  Calculated  emitter  capacitances  versus 
collector  current  density  for  HBT,  HEBT(150A)  and 
HEBTOOOA). 


Emitter  Set-Back  Layer  Thickness  (A) 

Fig.  6  Calculated  and  measured  emiuer 
c^acitances  versus  emitter  set-back  layer  thickness 
at  Jc  of  1x10^  PJctsP-. 


Emitter  Set-Back  Layer  Thickness  (A) 

Fig.  7  Calculated  and  measured  cutoff 
frequencies  versus  emitter  set-back  layer 
thickness  at  Jc  of  1x10^  A/cm^, 
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Optical  Techniques  for  the  Nondestructive 
Characterization  of  3-580jini  Thick  Si  Substrates 
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University  of  Virginia 
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With  the  advent  of  micromachining  and  microelectromechanical  devices,  there  is 
an  increasing  need  for  ultra-thin  silicon  substrates.  Similarly,  there  is  need  for  simply 
measuring  and  verifying  the  substrate  absolute  thickness  and  thickness  uniformity.  We 
report  simple  and  accurate  techniques  of  nondestructive  optical  characterization  for 
measuring  the  absolute  thickness  and  total  thickness  variation  (TTV)  of  ultra-thin  and 
nominally  thick  (3-580  |im  thick)  silicon  substrates  (1-4  inch  diameter). 

To  measure  TTV,  an  interferometer  system  has  been  built.  The  interferometer 
uses  a  long  wavelength  semiconductor  laser,  simple  optics,  and  an  infrared  camera  so 
that  an  image  of  each  wafer  and  its  interference  fringes  can  be  viewed.  The  surface  of  the 
wafer  is  only  touched  when  handling  the  substrate.  The  fringes,  caused  by  interference  of 
the  infrared  light  bouncing  off  front  and  back  silicon  surfaces,  relate  directly  to  the 
thickness  variation  across  the  substrate;  each  fringe  corresponding  to  a  quarter 
wavelength  variation  in  thickness  (approximately  lOOnm).  Clear  and  sharp  fringe 
patterns  allow  for  rapid  inspection  of  substrates.  This  TTV  system  is  used  to  verify  both 
flatness  and  thickness  uniformity  with  100  nm  resolution.  Typical  results  are  shown  in 
Figure  1. 


Figure  1 .  Interference  fringe  patterns  of  two  Si  substrates  as  seen  by  interferometer  system. 
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A  spectrophotometer  has  been  used  to  develop  a  set  of  standards  by  determining 
and  mapping  the  absolute  thickness  of  several  substrates.  The  spectrophotometer  scans 
through  a  series  of  wavelengths,  ranging  from  3.3|im  to  0.6|im,  resulting  in  a 
interference  fringe  signature  as  shown  in  Figure  2. 


Figure  2.  Interference  fringe  signature  from  spectrophotometer  of  a  12  pm  thick  Si  substrate. 

From  this  data,  the  average  absolute  thickness  is  derived.  Also,  the  interference 
signature  at  near  band  edge  wavelengths  as  well  as  longer  wavelengths  are  related  to  the 
overall  quality  of  the  silicon  substrate. 

Based  on  the  spectrophotometer  results,  a  simple  optical  transmit-and-receive 
system  has  been  calibrated  to  measure  the  substrate  absolute  thickness  from  the  detected 
absorption.  The  LED  transmit-and-receive  system  can  be  used  to  scan  the  wafer  absolute 
thickness  without  subjecting  the  wafer  to  any  mechanical  stress.  This  simple 
nondestructive  absolute  thickness  measurement  is  more  accurate  than  a  mechanical 
micrometer,  and  is  integrated  with  the  TTV  system.  A  green  LED  system  is  used  for 
measuring  3-7  pm  thick  substrates,  a  red  LED  is  used  for  measuring  5-150  pm  samples, 
and  an  IR  LED  is  used  for  the  thicker  wafers.  Characterization  results  for  a  series  of  high 
quality  double  side  polished  3-580  p.m  silicon  substrates  will  be  presented.  Substrates 
have  been  provided  by  Virginia  Semiconductor  Incorporated. 
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PHONON  OSCILLATIONS  IN  A  SPECTRUM  OF  REVERSIBLE  BLEACHING 
OF  GALLIUM  ARSENIDE  UNDER  INTERBAND  ABSORPTION  OF  A 
HIGH-POWER  PICOSECOND  LIGHT  PULSE 

I .L.Bronevoi 

Institute  of  Radioengineering  and  Electronics,  Moscow 


This  text  describes  the  results  of  studies  with  pico¬ 
second  resolution  of  the  optical  transparency  T  spectra  of 
a  thin  layer  of  a  high-purity  GaAs  exposed  to  a  high-power 

light  pulse  having  the  photon  energy  hw  ,  which  is  some- 

ex 

what  larger  than  the  forbidden  gap  width  E  .  Experiments 

s 

were  carried  out  at  room  temperature.  The  duration  of  both 
the  exciting  and  probing  pulses  was  about  14  ps.  Figure  1 
shows  results  of  the  sample  transparency  measurements  as  a 
function  of  the  energy  of  a  photon  of  the  probing  pulse  tico 

P 

(the  bleaching  spectrum)  within  the  fiw  <  ho)  range.  In 

P  ex 

this  spectrum,  which  has  been  measured  nearly  at  the  moment 

of  the  maximum  of  the  exciting  pulse  intensity,  were  found 

local  minima.  An  oscillating  character  of  the  bleaching  has 

been  observed  for  a  variety  of  values  of  fko  and  the  exci- 

ex 

ting  pulse  integral  energy  W  ,  the  spectral  localization 

of  minima  being  retained.  However  at  the  drop  of  excitation 
and  after  its  cessation  the  oscillations  smoothened  and 
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Fig.l .  Tianspaiency  T  variation  (indices  I  and  0 
show  the  ptesence  and  absence  of  the  excitati¬ 
on,  ieq>ectivcly)  of  QaAs  as  a  hmction  of  hoop. 
The  delay  time  of  the  probing  pulse  with  res¬ 
pect  to  the  exciting  one  Td  =-3  ps,  hottoc  =U58 

eV:  •-  W«ae  =  lU)  a.u.;  0  -Wcx  =  0.19  a.u.,Woi 
being  the  energies  of  the  excitation  pulse. 


Fig.2.  OaAs  transparent  variation  as  a  func¬ 
tion  of  the  photon  energy  of  the  probing  pulse 

tioip  at  heocx  =  1.558  eV,  Wes  =1.0  a.u.:  •-  Ta  = 

13ps;  0-14= Sips. 
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then  disappeared  (Fig.  2)  despite  the  bleaching  degree 

being  nearly  equal  to  that  shown  in  Figure  1.  Oscillations 

have  also  been  far  less  strong  at  hw  >1x0  .  This  behavior 

p  ex 

of  oscillations,  as  well  as  the  fact  that  there  is  an  anti- 
reflective  coating  on  the  sample  surface,  do  not  permit  to 
attribute  the  oscillations  to  the  interference  in  the  samp¬ 
le.  It  should  be  noted  that  during  the  excitation  pulse 
there  appears  a  recombinat ive  edge  super  luminescence  from 
the  sample  [1].  Recombination  should  result  in  the  appeara¬ 
nce  of  a  carrier  flow  in  the  energy  space  (partially  due  to 
emitting  by  electrons  optical  phonons  having  the  energy 

tifl  )  towards  the  level  at  which  the  carrier  recombination 
o 

occurs.  The  recombination  must  lead  to  a  dip  on  the  curve 
of  electron  distribution  at  a  certain  energy  near  the 

conduction  band  bottom.  This  dip  is  inevitably  followed  by 

another  dip  when  E  =E  +hO  since  the  energy  transitions 

10  o 

from  E^  to  E^  under  phonon  emission  are  more  frequent  than 

those  in  the  opposite  direction  occurring  with  phonon  ab¬ 
sorption  (in  the  absence  of  the  dip  at  E  the  transition 

o 

rates  should  have  been  equal)  and  so  on.  This  must  lead  to 

minima  in  the  bleaching  spectrum  that  are  spaced  by  energy 

intervals  hfl  (1+m  /m.  ),  where  m  and  m.  are  the  masses  of 
o  e  h  e  h 

electrons  and  holes,  respectively.  In  Figure  1,  the  arrows 
indicate  the  positions  of  the  supposed  minima  spaced  by  42 
meV.  It  is  seen  that  they  all  agree  well  with  minima  obser¬ 
ved  experimentally  thus  proving  the  model  suggested  (the 
brief  report  about  this  effect  was  published  in  [2]). 
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A  MONTE-CARLO  STUDY  OF  DIFFUSION 
PHENOMENA  IN  III-V  HETEROSTRUCTURES 
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We  present  a  study  of  noise  phenomena  in  III-V  heterostructures  used  in  devices, 
such  as  HEMTs  and  MIS-Iike-FETs.  We  examined  mainly  the  diffusion  noise,  the 
only  one  which  subsists  at  very  high  frequencies. 

In  any  case,  the  simulation  of  devices  seems  to  be  a  necessary  step  before  any 
large  scale  production.  Morever,  reliable  physical  simulation  of  devices  requires  a 
good  knowledge  of  the  transport  properties  in  materials  and  heterostructures. 

To  this  aim,  we  have  developed  a  Monte-Carlo  model  of  electron  transport  in 
heterostructures.  Special  features  of  the  model  are  the  following:  The  wave  functions 
and  eigenenergies  are  calculated  by  self-consistent  resolution  of  Poisson  and 
Schrodinger  equations.  The  nonparabolicity  effect,  quantization  of  satellite  valleys 
and  Pauli  exclusion  principle[l]  are  included.  All  major  scattering  mechanisms  are 
accoimted  for. 

This  method  provides  the  electron  velocity  and  the  diffusion  coefficient  as  a 
function  of  the  applied  electric  field. 

To  detenmne  the  noise  diffusion  coefficient  we  used  two  methods,  by  analysing 
either  the  earners  velocity  fluctuations  or  the  spreading  of  a  narrow  pulse  of 
carriers[2].  We  have  checked  that  the  results  obtained  by  the  two  methods  are  in  a 
good  agreement. 

We  have  investigated  the  influence  of  temperature  on  diffusion  coefficient. 
Results  for  Al^  Caj.^  As/Iiio  isGao.gsAs  heterostructure  \vith  carrier  density  ns=8.10’^ 
m  ,  X— 0. 15  at  300  K  are  shown  in  Fig  1-3.  We  have  compared  our  results  for 
heterostructures  and  bulk  material  InGaAs.  The  first  difference  we  have  noticed  is  that 
the  values  of  the  diffusion  coefficients  are  lower  for  heterostructures.  The  field 
dependences  of  parallel  diffusion  coefficient  are  also  different;  in  2D  system  it 
decreases  monotonously  whereas  in  bulk  material  InGaAs  it  exhibits  a  peak. 

At  77  K  results  for  the  same  heterostructure  with  05=8.10^^  m'^  are  presented  in 
Fig  4.  We  can  observe  that  the  longitudinal  coefficient  exhibits  strong  variations 
with  the  electric  field.  For  fields  below  1  kV/cm,  increases  sharply,  that  may  be 
explained  by  the  reduction  of  the  magnitude  of  impurity  scattering  which  dominates  at 
low  field.  Above  1  kV/cm  owing  the  heating  of  electron  gas,  the  optic  polar  phonon 
emission  can  take  place  [3]  [4]  .This  results  in  a  strong  reduction  of  D^.  At  still  higher 
field,  the  transport  is  dominated  by  intervalley  scattering  and  decreases,  as  it  does 
in  bulk  material. 

At  300  K  we  have  studied  the  Alo4g  Ino  52  As/Ino.53  Ga^^y  As  heterostructure  (Fig 
5).  We  have  noticed  that  the  values  of  diffusion  coefficients,  shown  in  Fig  6,  are 
higher  than  the  values  for  Alo.15Gao.g5  As/Ino.i5Gao.g5  As  heterostructure. 
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Results  of  Monte-Carlo  simulation 
for  an  Alo.,5  Gao  ^  As/Inj  isGao  gjAs  /Al^  ^Ga^gjAs  structure 
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Fig.  1 .  The  simulated  structure 
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Fig.  2.  The  velocity  as  function  of  the 
electric  field. 

Structure  of  figure  1; 

x=0.15,n3=8.10"m',at77K 
and  300  K. 
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Diffusion  coefficients  ( cm  /s )  Diffusion  coefficients  ( cmVs ) 


Fig.  3.  Longitudinal  (D^  )  and  transverse 
(D^  )  diffusion  coefficients  as  function  of 
the  electric  field.  Spreading  and  noise 
definitions  are  in  good  agreement. 

Structure  of  figure  1  at  300  K,  x=0. 15, 
n,=8.10'"in\ 


Fig.  4  Diffusion  coefficients  along  the  field, 
longitudinal  (D^  )  and  transverse  (D^  )  as  function 
of  the  electric  field. 

Structure  of  figure  1  at  77  K,  x=0.15, 
n=8.10"  m■^ 
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Results  of  Monte-Carlo  simulation  ' 

for  an  Alo4g  In^^j  /Aynj^jAssfructm^ 
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Fig.  5.  The  simulated  structure 


Fig.  6  Diffusion  coefficients  along  the  field. 
Longitudinal  (D^ )  and  transverse  (D^ )  as 
as  fimction  of  the  electric  field. 

Structure  of  figure  5  at  300  K,  0^=8. 10'^  m’^ 


162 


Simple  Hydrodynamic  Transport  Model 


J.  0.  Bark  and  G.  Gildenblat 

The  Department  of  Electrical  Engineering 
and 

Electronic  Materials  and  Processing  Research  Laboratory 
Pennsylvania  State  University,  University  Park,  PA  16802,  USA. 


Introduction 

Hydrodynamic  model  (HDM)  of  carrier  transport  is  a  valuable  tool  in  the  anal¬ 
ysis  of  submicron  semiconductor  devices  [1,2].  One  of  the  main  problems  with  this 
approach  is  the  choice  of  various  relaxation  times  entering  the  equations  of  HDM. 
A  simplest  and  earliest  approach  is  to  rely  on  the  results  obtained  for  the  uniform 
material  [3,4].  This,  however,  limits  the  accuracy  of  the  model  in  the  regions  of 
rapidly  varying  electric  field.  In  particular,  it  has  been  noted  that  reliance  on  the 
uniform  field  approximation  for  collision  integral  in  Boltzmann  transport  equation 
(BTE)  produces  spurious  velocity  overshoot  in  n+n“n+  diodes  [5-7]. 

There  are  several  ways  to  alleviate  this  problem.  One  can  use  post-factum 
correction  by  adjusting  the  value  of  the  thermal  conductivity  k  in  the  Wiedemann- 
Franz  law  used  to  close  the  equations  of  HDM  [8].  Alternatively,  one  can  use  more 
accurate  expressions  for  the  collision  integral  which  explicitly  (through  gradient 
terms)  account  for  the  essential  nonuniformity  of  the  field  pattern  [6].  This  approach 
relies  on  the  Monte  Garlo  simulations  in  order  to  extract  several  parameters  of  the 
model.  Finally,  one  can  discard  HDM  in  favor  of  the  advanced  version  of  the  energy 
transport  model  [5]. 

In  this  paper  we  propose  a  modification  of  the  HDM  which  is  sufficient  to  sup¬ 
press  the  spurious  velocity  overshoot  without  significant  increase  in  the  complexity 
of  the  model.  The  changes  concern  the  relaxation  times  and  truncation  method. 
The  main  purpose  is  to  develop  a  relatively  simple  version  of  HDM  which  alleviates 
some  of  the  problems  associated  with  the  conventional  version  without  relying  on 
the  Monte  Garlo  calculation  for  the  extraction  of  transport  parameters. 


Transport  Model 

The  transport  model  developed  in  this  work  is  based  on  equations 

div{Jn)  —  0, 


—  - — 

q  n  m* 


ksTi 


grad[n)  +  n  gradl - <p 


V  q 


div{Jui)  =  E  •  Jn  — 


nw  —  nowQ 


f  w 


and 


Jw  =  -'^j^div{X)  -  ^nwE  -  2^^ntt;  •  E. 


(1) 

(2) 

(3) 

(4) 
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where  Jn  is  the  current  density,  n  denotes  the  electron  concentration,  no  is  the 
equilibrium  value  of  n,  Tg-the  electron  temperature,  r^-the  ensemble  momentum 
relaxation  time,  ru;-the  ensemble  energy  relaxation  time,  rj^-the  ensemble  kinetic 
energy  flux  relaxation  time,  7n*-the  conductivity  effective  mass,  /cs-the  Boltzmann 

constant,  S-the  electric  fleld,  (ji>-the  electrostatic  potential,  Jw-the  kinetic  energy 
flux,  ly-the  average  kinetic  energy  per  electron,  luo-the  equilibrium  value  of  w,  lu-the 

average  kinetic  energy  tensor,  and  X  =  n.{€vv).  Here  the  angular  bracket  denotes 
average  over  the  distribution  function,  i.e.,  {(f))  =  J  dTp4>f/  J  dTpf. 

In  a  conventional  HDM  [1],  eq.  (4)  is  not  used  and  the  system  of  equations 

(l)-(3)  is  closed  using  the  phenomenological  Fourier  law  Q  —  —k  grad{Te)  which  is 
then  substituted  into  the  equation 

Jyj  =  nwvd  + nkBTeVd  + Q,  (5) 

where  vd  is  the  drift  velocity.  The  thermal  conductivity  k  is  related  to  the  elec¬ 
trical  conductivity  Un  =  nq'^Tm/m*  by  the  Wiedemann- Franz  law  k  —  (5/2  -f- 
c){kB/q)^<ynTe,  where  coefficient  c  is  characteristic  of  the  scattering  mechanism. 

As  an  alternative  we  rely  on  the  fourth  moment  balance  equation  (4).  This 
equation  is  derived  from  the  exact  fourth  moment  balance  equation.  The  system 
of  four  balance  equations  is  truncated  (i.e.  closed)  by  simplifying  eq.  (4)  via  the 
ansatz  of 

f{r,p)  =  fo{r,P)  +  E-pfi{f,p),  (6) 

of  Ref.  [9],  where  /q  is  the  spherically  symmetric  part  of  the  distribution  function 
taken  in  the  form  of  a  heated  Maxwellian  and  /i  is  an  even  function  of  momentum. 
However,  unlike  [9]  we  use  this  ansatz  only  in  order  to  simplify  the  expression  for 

Jyj  and  not  in  the  balance  equations  for  the  first  three  moments  of  the  distribution 
function.  This  yields 

-T  20  10  Tj^  2j-  f  ^  P 

J  — - —nw  dzviw) - —w  dzvln) - —nwE.  (7 

^  9  m*  ^  ^  9  m*  ^  ^  Z  m*  ^  ^ 


The  ensemble  momentum  relaxation  time  is  obtained  from  experimental  data 
for  high- field  mobility  Pn{E)  in  bulk  silicon  as 


'^m  — 


(8) 


Following  [4],  the  ensemble  energy  relaxation  time  is  found  by  applying  eq.  (3) 
to  the  uniform  case.  The  ensemble  kinetic  energy  flux  relaxation  time  Tj^  is  found 
by  applying  eq.  (7)  to  the  uniform  case.  This  yields 


kjBT^\  ^ 
w  J  ’ 


(9) 


Numerical  calculations  show  that  according  to  (9)  Tj^  w  r-m,  which  agrees  with  the 
results  of  the  more  sophisticated  calculations  in  Ref.  [5]. 
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Simulation  Results 

To  facilHate  the  comparison  with  the  conventional  hydrodynamic  model,  the 
silicon  n^n  device  simulated  in  this  work  is  chosen  to  be  the  same  as  that  used 
in  [1],  The  doping  levels  are  =  5  x  and  n~  =  2  x  Two  n"*" 

outer  regions  are  O.l/xm  long,  the  length  of  the  inner  region  is  0.4/iTn.  The  applied 
voltage  is  1.51^ ,  and  the  lattice  temperature  TT  =  300if.  The  saturation  velocity 
Vs,  which  is  needed  in  order  to  compute  mobility,  is  1.1  x  lO^cm/s. 

The  results  of  computations  performed  using  two  types  of  HDM  are  shown 
in  Figs.  1  and  2  (two  computations  from  the  conventional  HDM  with  different 
momentum  relaxation  times).  Fig.  1  shows  the  normalized  drift  velocity,  and 
the  normalized  electron  temperature  is  shown  in  Fig.  2.  To  be  specific  we  set 
c  =  -1/2  in  the  Wiedemann- Franz  law  used  in  the  conventional  HDM.  The  energy 
relaxation  time  for  the  conventional  HDM  is  computed  as  suggested  in  [4].  If  one 
relies  on  the  traditional  form  of  the  energy  balance  equation,  then  the  spurious 
velocity  overshoot  (sohd  Hne  in  Fig.  1)  is  present  as  has  been  already  pointed  out 
in  the  literatures  [5-7].  In  a  new  approach  this  undesirable  feature  of  the  HDM  is 
suppressed  without  increasing  the  complexity  of  the  model.  Another  consequence 
of  the  proposed  HDM  modification  is  to  bring  the  temperature  profile  (i.e.  average 
Idnetic  energy  per  electron)  closer  to  that  obtained  by  Monte  Carlo  simulation  for 
similar  scattering  mechanisms  [10]. 

In  conclusion,  we  presented  a  new  HDM  which  is  both  simpler  and  more  accurate 
than  the  traditional  model. 
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2.5 


Distance  (/xm) 

Fig.  1  The  normalized  drift  velocity  ( - conventional  HDM  with  Hn  =  fJ-noTL/Te, 

*  conventional  HDM  with  /in  =  fj,n{E),  •  new  HDM  with  the  same  iXn{E)). 


Fig.  2  The  normalized  electron  temperature  ( - conventional  HDM  with  fj-n  = 

A^noTL/Tg,  *  conventional  HDM  with  /in  =  fJ-niE),  •  new  HDM  with  the  same 
f^niE)). 
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A  Large  Signal  HBT  Model  for  Two- Tone  Intermodulation  Analysis 
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Heterojunction  bipolar  transistors  (HBT’s)  are  presently  being  used  in  many  analog  and  digital 
applications  [1],  Although  small-signal  models  of  HBT’s  have  been  studied  extensively  [2,  3],  the 
same  is  not  true  for  large  signal  models.  The  Volterra  series  method  has  been  used  for  modeling 
the  nonlinear  operation  of  the  HBT  at  the  medium  drive  level.  An  Ebers-MoU  large-signal  HBT 
model  [4]  which  includes  many  high  order  effects  has  been  reported,  however,  it  is  rather  complex 
and  needs  complicated  semiconductor  physics  analysis  and  a  knowledge  of  the  device  fabrication. 

This  paper  presents  a  simple  Ebers-MoU  model  [5]  based  on  the  quasi-static  technique  which 
makes  use  of  multi-bias  scattering  parameters  and  DC  measurements  to  extract  a  bias-dependent 
nonlinear  equivalent  circuit  model.  The  device  under  investigation  is  a  5  x  10  fim? 
InGaAs/InAlAs/InP  inverted  HBT  with  fx  =  23  GHz  and  fmax  =  20  GHz.  The  small  signal 
equivalent  circuit  of  the  device  is  shown  in  Figure  1.  Lb,Lc,Le,Cbe,Cbc  and  Cce  are  parasitic  in¬ 
ductances  and  capacitances  respectively,  Rb,  Rc  and  Rg  are  extrinsic  resistances.  The  active  portion 
of  the  HBT  was  modeled  by  intrinsic  elements  Cg,rg,Cjc,a  and  Rjg.  AH  elements  except  five  in¬ 
trinsic  elements  Ce,re,Cjc,Rjc  and  a  are  considered  to  be  invariant  with  bias  [6].  The  elements 
Cbe,  Cbc,  Cce,  Lb,  Lc,  Lg  are  extracted  at  zero  bias  by  numerical  optimization.  The  intrinsic  elements 
at  non-zero  bias  are  extracted  by  the  following  approaches: 

•  Convert  the  s-parameters  to  z-parameters  and  subtract  the  parasitic  series  elements  Lb  and 

Lg. 

•  Convert  the  z-parameters  to  y  parameters  and  subtract  the  parasitic  shunt  elements  Cbe,Cce, 
Cbc. 

•  Convert  the  y-parameters  to  h-parameters. 

The  elements  of  the  equivalent  circuit  excluding  the  parasitic  effects,  are  easily  extracted  using  the 
procedure  described  in  [3]. 

In  the  large  signal  model,  Cg,rg  are  represented  by  BE  junction  diode  and  Cjc,Rjc  are  repre¬ 
sented  by  BC  junction  diode.  The  following  equations  are  used  to  characterize  intrinsic  elements 


P  _  nbgKT 

JXq  — 

(1) 

Ce  =  Cje  +  T’e/i^e 

(2) 

(3) 

Cjg  =  Cjgo{l-VjVjgo)-^^‘ 

(4) 

R.  _  (  gU'N 

qI.R  Kt) 

(5) 

I.  =  -  1) 

(6) 
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where  are  intrinsic  base-emitter  and  base- collector  voltages  respectively,  IsFi'^bei 

Cjeo^Mjeo-iVieOiTe  are  BE  junction  model  parameters,  IsR,ribc,Cjca,Vjco,Mjco  are  BC  junction 
model  parameters.  In  the  small  signal  device  model,  the  plot  of  Rg  -|-  Vg  versus  1/Ig  is  used  to 
extract  Ube-  The  model  parameters  are  extracted  from  these  equations  by  fitting  them  to  bicis- 
dependent  intrinsic  elements  since  a  medium  power  drive  level  was  applied  to  the  device.  Mjg  is 
assumed  to  be  0.5  for  the  abrupt  emitter-base  junction.  Mjg  is  assumed  to  be  0.33  for  the  graded 
base-coUector  junction.  The  variation  of  a  (ao, /^t)  with  bias  is  not  included  in  the  presented 
model. 

Given  extrinsic  values  of  voltages  and  currents,  the  intrinsic  base- collector  voltage,  base-emitter 
voltage  and  emitter  current  are  given  as  follows: 


le 

=  Ic  +  h 

(7) 

vL 

“  Vfce  Xe-^e  ““ 

(8) 

vL 

=  Vic  ^6-^6  +  IcRc 

(9) 

These  equations  are  fitted  to  the  bias  variation  of  the  intrinsic  element  values  and  the  corresponding 
constants  are  determined. 

The  two-tone  third  order  distortion  simulation  is  performed  to  verify  the  resulting  HBT  model. 
The  simulation  was  made  by  harmonic  balance  simulator  in  LIBRA  [7].  Figure  2  shows  the  measured 
and  simulated  distortion  at  the  bias  of  Vge  —  1.5  V,Ib  =  170  fiA.  The  two  fundamental  signal 
frequencies  are  6.02  and  6.08  GHz  respectively.  The  third  order  intermodulation  distortions  are 
averaged  at  5.96  and  6.14  GHz.  The  source  and  load  impedance  are  assumed  to  be  50  fl.  The 
difference  between  simulation  and  measurement  are  weU  within  1.5  dBm. 

The  simple  Ebers-MoU  model  is  based  on  the  experimental  characterization  of  the  frequency 
and  bias-dependent  behavior  of  the  device  small-signal  s  parameters.  The  model  parameters  are 
deduced  by  fitting  the  bias- dependent  intrinsic  elements  to  the  underlying  equations  from  physics. 
The  model  was  validated  by  simulation. 
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Introduction  Within  the  effective  mass  appxjximadon, 
the  exact  solution  rf  the  Schrddinger's  equation  via  Aiiys 
functions  is  the  nwst  accurate  method  of  con^ting  the 
tunnding  transmission  ooefiBdent  in  electrically  teased 
superlatuces.  For  multiple-barrier  structures  this  approach 
is  implemented  using  the  transfer  matrix  method  in  the 
firm  developed  for  piece-wise  linear  potentials  [1].  It  is 
then  natural  to  use  the  calculations  of  this  type  to  evaluate 
the  accuracy  of  various  approximate  methods  such  as  piece- 
wise  constant  potential  approximadon  [2],  or  the 
argument-pindple  based  meAod  [3].  However,  there  are 
several  problems  assodated  with  the  implementation  of  this 
approach.  Inrst,  the  asyrxiptotic  behavior  of  Airy  s  functions 
often  results  in  numerical  overflow  >^ch  significantly 
reduces  the  conpitational  eflBdency  of  the  method  at  low 
applied  teases[4,S].  Thus,  the  low-voltage  r^on  is  usually 
not  induded  in  the  Airy's  functions  based  oonqxitations, 
and  some  of  the  resonant  peaks  of  the  I- V  charactaistics  are 
lost  In  this  wok  we  shw  fliat,  with  proper  ordering,  the 
conqxitations  of  the  transmission  coefiBdent  and  tunnding 
current  in  the  low^xasr^onjxesent  no  difBculty.  Second, 
it  was  pointed  out  that  the  energies  of  certain  quasi-bound 
stales  (QBS)  cannot  be  evaluated  by  investigation  of  the 
tunnding  transmission  coeffident  of  multibarrier  structures 
whose  complex  energy  EQ~Er-ir/2  has  the  real  part  Erin 
the  energy  range  where  tunnding  is  impossible  [3].  We 
show  that  the  energes  of  all  QBS  with  suflSdently  large 
lifetimes  can  be  obtained  by  considering  the  resonant 
behavior  of  the  transfer  matrix  in  the  extended  energy 
range,  finally,  some  of  the  previous  inve^gation  have 
shown  the  discrq>ancy  between  the  Airy's  function  method 

and  other  qjproaches  for  the  [1]  and  the  I-Vchai^^ 

[5].  Weshow  that  the  accurate  inplementation  of  the  transfer 
maiiix  method  dmnates  this  pt^ 

Transfix  matrix  The  potential  energy  profile  of  the 
general  multibanrier  structure  studied  in  this  wok  is  shosvn 
in  fig.  1.  The  hdght  of  the  j-th  barrier  corresponding  to 
X  <  X2j  is  denoted  as  Uj.  The  solutions  of  the 
Sdirddinger’s  equation  within  the  contact  and  the  j-th 
r^onsare 


'Po  =  txpiik^x) + Qxp(^ik^x);  x<x^  (I) 
"^2^  =  ^2-  exp(-i^^x);  <  jc  (2) 

'F;  =  AjAiiZj)  +  BjBiiZj )  Xj<x<  (3) 

where  Ao,  Bo,  A21H  B21,,  Aj,  and  Bjare  constant  coeflSdents, 
Ai  and  Bi  represent  Airy's  functions, 

^0  =(2mQ£/A  )  ,  ^2^  ”  j  and 

zM)  =  ^'^m,)^iehFjy^[T,-eFj{x-x,)\, 

mg  ni2„,  and  are  the  effective  masses  within 
conesponding  r^cm,  the  energy  E  is  counted  firm  the 

bottom  rf  the  conduction  band  cf  the  left  contact  O-e.  V  =  0 
ftrx<x,inRg.  IX  V,  applied  voltage,  Fj  is  the  dectric  field 
within  j-th  i^on  and  Fj  is  defined  in  Eg.  1.  We  next 


The  matrix  dements  rf  Wj  are  reatfily  fijund  firm  ftie 
continuity  oonefitions  ftr  the  wave  function  and  its 
derivative  (the  latter  waited  by  the  inverse  rf  effective 
masses  [6]X  Application  cf  these  conditions  to  the  rmtart 
interfttces  yidd 

W,  (1 1)  =  (l/2)[Ai(P  ,)+i^  A/'CP ,  )]exp(-nk„x,) .  (5) 
W,(12)  =  (l/2)[5t(p,)-hi^  B/'(P,)]exp(-/V,).  (6) 
W, (21)  =  (l/2)[Ai(P ,)-i%  A/'(P , )]exp(//fcoX, ).  (7) 

W,(22)  =  (l/2)[A(P,)-i^  B«'(P,)]exp(t)toX,),  (8) 

Wj,(ll)  =  rt[S/'(ajJ-(-fii  ^‘((^2„)]exp(iA2„X2„),  (9) 


Wj.(21)  =  -Jt[/l/'(a2,)+rn  /l»(a2.)]cxp(ifci,Xj,)  (10) 


^2.  (12)  =  (1 1)]* ,  Wj,  (22)  =  [Wj,  (21)]' .  (1 1) 


where 


“y  -Zj-i(^j)  =  (2mj.,)'^(aFj_,)-^(rj., -AEj.,)  (12) 

Py  ^zyx,)  =  (2m,)'^(e/iF,)-^r,  ,  (13) 

^  =  m„(2eF,)'^/A:„(m.^«^)'/^  .  (14) 

.  (15) 

and  denotes  correqxxiding  band  bending  in  j-th  r^on. 

Similarly,  for  j  =  2, 3 2n-l  we  find 
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W^.(l  1) = 7c[/\/(p;)  Ai'i^j )  5/(a;)]  (16) 

Wjill)  =  jc[b/(P;)  -Yy  Br(p .)  B/(a,.)]  (17) 

Wjill)  =  Jc[-A/XPy)  AiXoij)+yj  >l''(Py)  May)]  (18) 
Wj(21)  =  ff[-B/(P^.)  Ai'(ay) +Yy  Bi'(Py)  /l/(ay)]  (19) 
where Yy  . 

llie  transrnissi(xi  coeffident  and  the  overall  transfer 
are  given 

D(E)  =  ik,„mJk„m^,iWiUp  ;  W  =  n 

j‘i 

Equations  (8)  -  (19)  rqsesent  the  Airy’s  function 
implementation  of  the  transfer  matrix  method  Ihe  only 
remaining  problem  is  nuiiKrical  evaluation  the  ttansrnission 
coefficient  fer  the  low  qjplied  voltages.  For  V, numerical 
overflow  results  ifexpresaons  (8) -(19)  are  used  In  order  to 
deal  with  the  overflow  proUem,  we  introduce  a  large 
dimensionless  parameter  ^  (^  =  25  in  our  conpitations) 
and  use  the  following  imiafure.  If  the  arguments  of  Airy’s 
functions  used  to  compute  the  transfer  matrices  do  not 
exceed^  we  use  equations  (8) -(19)  directly.  Otherwisewe 
use  asymptotic  ex^nessions  for  Airy’s  functions,  to  evaluate 
the  tran^  matrix  fcr  the  i-th  barrier 

H^Cyjk)  3  exp(— +  S’>*  exp(6{)  i  where  i  —  1, 2, ...,  11, 
j,  k  =  1,  2,  and  e,s(^^p^.,7*_ot^?^)  or 
0,  =(2/3)(2m^.,)'^(eftF^..,)-‘  -(Tj,..,  - AB^.,)^] 

In  the  asymptotic  eiqxessions  flx  matrix  dements  li^,  foe 
argument  rf  foe  exponent  is  no  longer  o^  or  p2|.]  (  which 
tend  to +«  fir  V,->0),  but  their  difference.  Consequently, 
when  1^1  0,  and  AEa-i  0  we  have  ft,  =  0(1).  and  the 

overflow  proUem  does  not  arise  while  oonpiting  1^ . 

Resonant  bdiavior  and  symmdiy  of  the  tran^ 
matrix  Hiere  are  several  tediniques  fir  extracting  foe 
enetpes  of  foe  quaa-bound  states.  Ihe  simplest  one  is  to 
consider  the  peaks  cf  foe  transmisrion  coefficient  as  a 
fiinction  of  energy  [1,2].  Strictly  ^leaking,  D(E)  is  defined 
only  fir  E  >  0;  otherwise,  there  is  no  plane-wave  solution  cf 
the  Schrodinger’s  equation  in  foe  left  contact  r^on. 
Consequently,  other  techniques  have  been  devdoped  to 
evaluate  the  energies  d  QBS  with  E,  <  0  [3,4]. 

Fr  QBS  with  complex  energy  E,  -  <02  we  note  that  foe 
asyrrqitotic  expresaon  fir  foe  wave  function  contains  no 
incoming  waves,  i.e.,  Ao(Er  -  ir/2)=B2n(Er  -  rr/2)=  0  and 
consequently  W]  i(Er  -  rTO) = 0.  For  sufficiently  small  F 
VV„(£)=Y(£-£,+£T/2)+0(£-£e)"  (20) 

where  y  =  dE) ■ 

Equation  (20)  is  valid  r^ardless  of  foe  energy  range. 
When  E  >  Vj  foe  QBS  -  induced  root  cf  W„  at  E  =  Eq 


results  in  a  Lotentzian  resonance  of  the  transmission  coefficient 
D  oe  I  Wi  I©  I  and  the  time  tewereal  symmetry  irtplies  [  1 1  ] 

(21) 

In  foe  energy  range  <  E  <  V^u  where  there  is  no 
tunnding,  ko  is  purely  ima^nary.  In  such  case  Eq.  (20)  still 
follows  fixxn  the  absence  of  foe  incoming  wave  fir  x  > 
X2n  and  of  foe  exponentially  growing  term  for  x  <  Xi  in 
foe  asymptotics  of  the  QBS  wave  function.  The 
resonance  behavior  of  IW,,  I  remains  in  place,  but 
instead  of  (21)  we  have  [7] 

W„=W,;,  W^=Wl-,  V<£<V,  (22) 

Fr  this  energy  range  a  physically  meaningful  proUem  is 
foe  reflection  cf  a  plane  wave  {xopagating  fixim  foe  right  in 
foe  n^ative  direction.  The  reflection  amplitude  6  near  foe 
resonance  is  given  by  [7, 12], 

9(£)  =  conjr-2arctan[r/2(£-£,)]  (23) 

The  n^ative  energy  resonances  can  be  studied  analytically 
using  WKB  ajpoximation  whidi  confirms  the  resonant 
behavior  of  I  Wn  I  in  foe  energy  range  where  foe  tunneling 
is  impossible  [7]. 

Numerical  results  We  first  consider  a  single  wdl  with 
^fective  masses  are  taken  as  m*w=  0.067mo  inside  the  wdl 
and  m*b  =  0.1087mo  within  foe  barrier.  The  energy 
dq)endence  of  the  transmission  coeffident  is  shown  in  Hgs. 
2  fix  foe  Was  voltages  V,  =  0,0.16  V  and  V,  =  0.4  V.  The 
n^ativ&energy  resonance  peak  cone^xxiding  to  a  QBS 
with  Er  =  “  119  meV  whidi  exists  fix  Vj=  0.4  Vis  dearly 
seen  in  this  figure.  The  formation  d'  both  positive-energy 
and  negativeenergy  resonances  is  further  investigated 
considering  foe  doude-wdl  structure  At  zero  das  only 
resonant  stales  with  E,  >  0  are  present  As  foe  bias  is 
increased  to  0.16  V  foe  n^ative-energy  resonance  with  Er= 
~  22  meV  becomes  apparent  ForV,  =  0.4V  there  are  two 
n^ative-energyQBS  with  E=“  198  meV  andEr=  ~24 
meV  (Rg.  3),  reqiectivdy. 

Next  we  conader  foe  variably  placed  finite  superlattice  in 
Fig4.  The  rdated  calculations  are  summarized  in  Tables  I 
and  n  and  oonqiared  with  published  results.  Since  in  the 
literanire  the  n^ative-energy  resonances  were  not  studied 
using  l[)(E)l  dqiendence,  we  used  foe  computations  c^Refe. 
[3,4],  etiqilqying  a  different  technique  (devdoped  witiiin  a 
step  ajpoximation  fix  foe  transfer  matrix)  as  a  comparison 
fix  Er  <  0.  With  foe  exception  of  Ref.  [1]  in  all  cases  an 
excellent  agreement  was  reached  with  previous 
investigaticxis.  This  verifies  various  approximations  by 
comparison  with  foe  exaa  solution  obtained  here. 
Furthernxxe,  this  ccxnparison  supports  foe  validity 
computing  E  using  foe  resonance  property  of  IWi  j  1"^  in  foe 
energy  r^on  E  <  0  where  foe  tunneling  does  not  occur. 
Apart  fitxn  the  resonance  peaks  foe  numerical  computation 
indicate  singular  behavior  of  IWn  near  E  =  V,). 
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which  is  in  agreement  with  the  threshold  singularity  of 
IW„  I  « (E  -  established  in  [7]. 

Finally,  we  calculate  the  I-V  characteristics  of  a  double 
barrier  structure;  m, = O.Mlnb  in^  the  wdl,  tt^ = 0.078n\) 
within  the  barrier,  barrier  and  well  thicknesses  are  S  and  9  nm 
respecdvdy,  and  barrier  height  is  05  eV,  Fermi  iewl  in  left 
oontaais0.04eVandT=4K.  In(xnlrasttD[S]  wefindthata 
step  qproDdmation  is  in  a  good  agreement  with  the  results  of 
the  exact  sdutioa  However,  we  find  that  the  calculation  of 
I-V  characteristics  cf  multilayer  structures  with  more  than 
three  barriers  using  stq)  ^jproximation  method  is  much 
slower  than  Airy’s  function  technique. 

Condusions:  We  have  devdoped  a  veraon  of  the  transfer 
matrix  method  based  on  the  exaa  solution  d  the 
Schrodinger’s  equation  with  a  piece-wise  linear  potential  in 
terms  (^Airy’s  functions.  Particular  care  is  taken  in  order  to 
eliminate  the  numerical  problems  which  arise  in  the 
computation  of  the  transmission  coefficient  and  I-V 
characteristics  of  the  muitibarrier  tunnding  structure  at  low 
applied  voltages.  Hie  results  presented  in  this  work 
eliminate  the  discrqiancies  between  the  exaa  sdution  and 
various  approximate  computations  of  transmisaon 
coefficients,  energies  of  the  QBS,  and  I-V  characteristics  in 
finite  sqnlattioes.  The  with  n^ative  energies  do  na 
a^  the  transmisaon  coefficient  but  are  idoed  to  resonances  of 
the  IWiil'^  or  those  of  the  reflection  aiqditude. 
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Hg.  1 .  Potential  energy  profile. 


ENERGY.  oV 


Hg.  1  Energy  dependenoe  of  transnfission  coefficient  of  double- 
barrier  structure  fix  Va = 0  volt  (soikl  lineX  0. 16  volt  (dashX  and 
0.4  V  (dash-daX  Eairier  hd^  is  05  eV,  baiiier  and  well 
thicknesses  are  2nm,  and  5nm  re^KCtively.  Note  that  I  D(E)  I 
ferE<0  dxxildna  be  interpreted  as  a  tiansnfisaonooefficiem. 
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Hg.4.  Potentiai  energy  profile  of  an  unbiased  variably  spaced 
superiankB.  s=3^a5nni,Wi  =  llnin,w^=282nni,W3=22 
nm,  Ub= 0.477  eV,  n>,= 0.1043  rt^j,  and  m*= 0.067  mo. 


Table  I 

The  energy  of  QBS 


Doub 

e  barrier 

Bias 

Energy 

[3] 

[2] 

[1] 

this 

(V) 

level 

(meV) 

(meV) 

vworic 

(meV) 

0 

E, 

935 

94 

■■ 

93.8 

E, 

379.8 

380 

IB 

378 

0.16 

■a 

11.6 

12 

40 

12 

2972 

300 

350 

298 

0.4 

El 

-118.8 

* 

* 

-119 

E2 

178.9 

180 

230 

180 

Triple  barrier 


Bias 

(V) 

Energy 

level“> 

[3] 

(meV) 

[2] 

(meV) 

[1] 

(meV) 

this 

work 

(meV) 

0 

E, 

87.9 

89 

■■ 

88 

Ez 

100.4 

100 

■■ 

100 

Ej 

351.4 

353 

MM 

352 

E, 

407.2 

404 

Bi 

406 

0.16 

E, 

-21.9 

* 

■■ 

-22 

Ez 

48.8 

46 

Bii!B 

483 

Es 

255.6 

257 

317 

256 

E* 

343.1 

342 

* 

343 

0.4 

E, 

-197J 

« 

* 

-1973 

Ez 

-23.4 

* 

-233 

Es 

91.1 

90 

120 

913 

E. 

267.6 

260 

320 

267.5 

♦-notconpjted. 

(1)  -  We  use  notations  of  Re&.  [3],  and  [4]  in  Tables  I  and  n 
respecdvriy,  but  redefine  the  reference  energy  levd  as  ^lown  in 
Eg.1.  The  numerical  values  ofenergies  given  in  P]  and  [4]  are 
adjusted  acoorcfin^y. 


Fig.  5. 1-V  diaiacteristic  of  a  douUe  barrier  structure.  Ihe 
exact  result  and  stq)  approximation  are  rqiresented  by  solid 
line  and  triangles  re^iectivdy. 


Tabien 

The  energies  ofQBS  in  Variably  Spaced  Superlattioe(c£Rg.  4) 


Ml 

kW 

cm 

R 

level 

(I) 

[4] 

(meV) 

[1] 

(meV) 

This  woric 
(meV) 

■ 

s=33 

nm 

s=5 

nm 

s:?33 

nm 

s=5 

nm 

s=33 

tun 

s=5 

nm 

E, 

29.7 

29.8 

■■ 

■i 

29.7 

29.7 

E. 

119 

119.1 

mm 

B 

119 

119.1 

E, 

2663 

266 

H 

B 

266 

2663 

e" 

180.9 

181.4 

H 

B 

181 

181.4 

e“ 

2292 

228.2 

B 

229.4 

2283 

23 

E. 

12 

9 

■■ 

mm 

11.6 

83 

Ez 

■my 

98.7 

B 

B 

101 

982 

1 

eM 

2453 

B 

B 

2483 

245 

1424 

137 

B 

B 

142 

1363 

e“ 

179.1 

168.9 

Bi 

B 

178.8 

168.4 

555 

E, 

-21 

-292 

mm 

* 

-223 

-30.6 

E, 

743 

628 

B 

763 

73.1 

61.4 

1‘ 

2163 

2092 

B 

2143 

216.4 

207.8 

693 

57.8 

B 

703 

682 

56.4 

e“ 

90.9 

63.9 

813 

89.8 

616 

656 

E, 

-31.7 

41.7 

* 

■■ 

-333 

433 

E: 

61.1 

51.4 

69.6 

B 

59.8 

50 

5 

E 

208 

197.7 

215.6 

B 

206.6 

1963 

49.6 

293 

56.6 

B 

48.4 

28 

e" 

64.6 

34.2 

86.6 

B 

63.4 

318 

100 

e, 

-643 

-793 

♦ 

-66.8 

-81.8 

E: 

333 

18.2 

« 

* 

31 

15.8 

1 

E, 

E“ 

_|B 

1793 

163.9 

♦ 

* 

176.8 

1613 

-7.9 

40.4 

* 

♦ 

-10.2 

417 

E® 

-26.1 

-69 

* 

* 

-28.2 

-71.2 

174 


SIMULATION  OF  THE  GaAs  MESFET  ELECTRICAL  BURNOUT 

V.A. VASHCHENKO,  J.  B.  Martynov,  V.  F.  SINKEVITCH,  A.  S.  Tager 

Russia 

INTRODUCTION  Electrical  source-drain  breakdown  limits  operating 
drain  voltage,  output  power  of  GaAs  MESFETs  and  HEMTs,  therefore  its 
understanding  is  important  for  problems  of  FETs  design,  optimization  and 
reliability  [1,2].  Electrical  current  instability  which  results  in  negative  differential 
conductance  (NDC)  and  reversible  switching  in  the  current  filament  state  of 
GaAs  MESFETs  was  observed  under  20  ns  drain  voltage  pulse  duration  for  all 
operation  gate  biases  [3],  In  the  filament  state  increase  of  the  drain  current  or 
pulse  duration  resulted  in  instantaneous  local  burnout  of  MESFETs  in  the 
filament  area  [3],  It  was  supposed,  that  electrical  burnout  of  GaAs  MESFETs  is 
the  consequence  of;  (i)  uncontrollable  drain  current  increase  due  to  modulation 
of  the  semiinsufating  buffer  by  injected  holes  from  the  drain  avalanche  area 
and  electrons  from  source  n'''-contact;  (ii)  NDC  and  current  filament  formations 
and  following  local  melting  [3,4],  The  purpose  of  this  study  is  to  demonstrate 
with  the  help  of  2D  simulation,  that:  (i)  GaAs  MESFETs  really  have  NDC  area 
of  drain-source  Iq-Vds  characteristics  due  to  buffer  conductivity  modulation; 
(ii)  the  breakdown  of  GaAs  n'^-i-n'*'  structures  having  parameters  typical  for 
contact  and  buffer  layers  of  power  MESFETs  results  in  NDC  and  filament 
formation. 

SIMULATION  METHOD  AND  MODELS  Drain  breakdown 
characteristics  of  the  MESFET  were  simulated  under  steady-state  conditions. 
For  carrier  motion  specification  the  equations  of  the  quasi  hydrodynamic  model 
were  used.  The  equation  system  was  solved  with  "mixed"  boundary  conditions: 
the  constant  gate  bias  and  drain  current.  The  breakdown  characteristics  of  the 
simple  MESFET  (Fig.  1(a))  and  GaAs  n'*‘-i-n''’  (Fig.  1(b))  structures  were 
calculated.  The  ID  (W  =  0.3  pm)  n'*’-i-n'*'  models  were  calculated  for  a  number 
of  i-area  length  (L|);  2D  n'*'-i-n'^  model  ~  for  Li  =  1.6  urn,  W  =  10  urn  n"*"  = 
lO^Scm-s  (Fig.  1(b)). 

RESULTS  The  calculated  drain  Iq-Vds  characteristics  of  GaAs 
MESFETs  (Fig.2(a))  have  NDC  branches  for  all  gate  biases.  The  electric  field 
strength  and  carrier  concentration  depth  profiles  for  NDC  condition  of  the 
MESFET  (Fig.3(a,b,c).  gate  bias  Vgs=  -2  V)  in  the  SI  layer  are  changed 
significantly  in  comparison  with  condition  typical  for  drain  avalanche 
breakdown  [2].  Injection  level  of  electrons  and  holes  in  SI  layer  is  greatly 
increased.  The  electrons,  injected  from  the  source  n'''-contact  and  the 
avalanche  holes  create  quasi  neutral  domain  of  electron-hole  plasma  in  SI 
layer  near  the  source  n'''-contact  (Fig.3(b,c)).  With  following  increasing  of  the 
drain  current  this  domain  expand  and  electric  field  near  the  drain  increase. 
The  calculated  l-V  characteristics  of  1 D  n'^-i-n+  structures  for  various  i-area 
lengths  (L|)  have  similar  peculiarities  (Fig.2(b,  dashed  lines)).  The  electric  field 
and  carrier  concentration  distributions  in  the  n''‘-i-n'*’  structure  are  presented 
on  the  Fig. 4.  Introduction  of  deviations  in  model  structural  parameters  allowed 
to  conclude,  that  NDC  formation  primarily  is  defined  by  the  properties  of  carrier 
transport  through  the  i-GaAs  area.  In  the  GaAs  p'^-i-p+  model  the  NDC  branch 
was  not  formed  (Fig.2(b),  dotted  line).  Calculated  C-V  characteristic  of  n+-i-n+ 
structure  of  W  =  1 0  pm  and  L|  =  1 ,6  pm  (Fig.2(b.  solid 
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Fig. 3. Depth  profiles  of  the  electric  field 
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centration  for  GaAs  MESFET  NDC 
condition  (1^=  1  OOOmA/mm,  Ugg= 
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line))  have  the  NDC  branch  corresponding  to  the  carrier  filamentation  regime 
(Fig. 5).  In  this  regime  distributions  of  electric  field  and  carriers  between  n+ 
contacts  are  the  same  as  in  the  state  (y)  of  ID  model,  but  far  from  this 
regime-as  those  in  the  state  (a). 

DISCUSSION  The  calculated  Iq-Vds  characteristics  of  GaAs 
MESFET  model  agree  with  the  experiment  [3];  electron-hole  plasma 
distribution  in  the  2D  GaAs  n'^-i-n'*’  structure  corresponds  to  the  spectral  and 
intensity  distributions  of  the  electroluminescence  [3].  Therefore  presented  2D 
model  is  acceptable  for  explanation  of  the  observed  Iq-Vds  characteristics 
and  electrical  burnout  mechanism  of  GaAs  MESFETs.  The  last  can  be 
explained  as  follows.  With  increasing  of  the  drain  voltage  the  high  electric 
field  domain  is  formed  near  the  drain  n'*’— contact  in  the  SI  layer  due  to  and 
dropping  dependence  of  the  electron  velocity  vs  electric  field.  A  portion  of 
holes  generated  near  the  drain  is  accumulated  in  the  SI  buffer  layer  near  the 
source  n'^-contact.  The  holes  positive  space  charge  cause  the  injection  of 
additional  electrons  into  the  SI  layer  from  the  source.  The  injected  electrons 
create  an  additional  negative  space  charge  in  the  drain  avalanche  region. 
This  results  in  the  increase  of  the  avalanche  generation  rate  and  holes 
injection.  Such  positive  feedback  leads  to  the  formation  of  the  spatial  quasi 
neutral  area  (Fig. 3  and  4(b,c)).  The  NDC  branch  of  MESFET 's  and  n'*‘-i-n'*’ 
structures  1-V  curves  are  due  to  the  extension  of  the  quasi  neutral  domain  in 
the  SI  substrate  with  increasing  of  the  drain  current.  Current  filamentation  in 
the  wide  2D  GaAs  n^-i-n'*’  structure  may  be  explained  by  spatial  instability  of 
current  distribution  typical  for  the  S-type  NDC  [5]. 

CONCLUSION  Using  2D  simulation  the  breakdown  mechanism  of  the 
GaAs  MESFETs  has  been  studied.  The  isothermal  drain  l-V  characteristics  of 
GaAs  MESFETs  have  NDC  branch  at  any  gate  bias.  The  mechanism  of  the 
NDC  formation  of  GaAs  MESFET  is  of  an  avalanche-injection  nature  [4]  and 
presents  itself  as  a  modulation  conductivity  of  the  "built  in  MESFET'  n'^-i-n'^ 
structure  (SI  buffer  &  n+  -contacts).  The  instability  of  current  spatial 
distribution  under  NDC  results  in  formation  of  5-10  |j,m  high  current  filament  in 
GaAs  buffer.  The  GaAs  MESFETs  electrical  burnout  mechanism  may  be 
explained  by;  formation  of  the  NDC,  switching  according  to  the  drain  load 
characteristics  into  the  state  with  high  conductivity;  the-  filamentation  of  the 
avalanche  injection  drain  current  in  the  buffer  and  following  rapid  local 
melting  of  the  MESFETs  structure. 
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The  transferred-electron  (Gunn-Hilsum)  effect  resulting  from  the  non-linear  veloc¬ 
ity-field  characteristic  in  ni-V  semiconductors  is  widely  utihzed  in  micro-  and  millime¬ 
ter-wave  technology.  If  the  electric  field  in  a  conventional  n'^nn*  Gunn  diode  exceeds  the 
threshold  value  (£^=3  kV/cm  for  GaAs),  injected  electrons  transfer  from  the  central  F  val¬ 
ley  to  lower  mobility  L  and  X  valleys  resulting  in  the  formation  of  propagating  charge 
domains.  There  exists  a  great  similarity  between  the  active  region  of  a  Gunn  diode  and  the 
collector  drift  region  of  a  ni-V  npn  heterojunction  bipolar  transistor  (HBT).  This  has 
motivated  us  to  investigate  the  transferred-electron  effect  in  HBTs  [1,2].  In  a  Gunn  diode 
with  E>Ep  and  supercritical  length  L>kJN  (where  N  is  the  doping  of  the  active  region  and 
K=10^^  cm'^  for  GaAs)  the  transferred-electron  effect  causes  current  oscillations  under  a 
d.c.  bias.  However,  such  oscillations  are  not  observed  in  HBTs  even  when  the  collector 
region  satisfies  the  above  criteria.  We  have  previously  shown  that  the  stability  of  the  col¬ 
lector  current  in  conventional  HBTs  is  ensured  by  the  Kirk  effect  occurring  at  high  levels 
of  injection  [2].  In  this  paper  we  discuss  the  physics  of  the  transferred-electron  effect  and 
high  injection  phenomenon  under  transient  conditions.  We  establish  requirements  for 
observing  current  driven  instabilities  in  HBT  structures. 

In  a  conventional  Gunn  diode,  a  region  where  the  magnitude  of  electric  field  has  a 
positive  gradient  is  a  prerequisite  for  the  formation  of  instabilities.  Dynamics  of  a  charge 
accumulation  is  related  to  the  local  electric  field  gradient  through  charge  conservation, 
dp/dt  =  -V7,  where  J  is  the  local  current  density.  For  Gunn  diodes  with  a  high-field  cath¬ 
ode  this  requirement  results  in  the  threshold  condition  on  current  density  Jq  >  eN^v^, 
where  =  10^  cm/s  is  the  electron  saturation  velocity,  e  is  the  electronic  charge,  and  is 
the  donor  concentration  [3].  The  collector  drift  region  of  an  npn  HBT  is  analogous  to  a 
Gunn  diode  with  a  high-field  cathode.  The  solid  line  in  Fig.l  shows  the  electric  field  pro¬ 
file  in  the  collector  of  an  exemplifying  transistor  biased  in  the  forward  active  region.  The 
dash  line  there  illustrates  the  conditions  sufficient  to  observe  the  Gunn-Hilsum  effect  in 
the  collector  at  current  density  >  Jq. 

In  an  HBT  high  collector  current  leads  to  the  Kirk  effect  (base  widening).  The  base 
widening  occurs  at  the  collector  current  density  Jf^  >  eN^v^  -t-  2£Vj(j)/L^,  where  £  is  the 
dielectric  constant,  L  is  the  length  of  the  collector,  and  (f)  is  the  total  base-collector  poten¬ 
tial.  For  HBTs  with  a  collector  design  that  satisfies  the  NL  product  criterion,  the  second 
term  can  be  ignored.  Kirk  effect  is  detrimental  to  formation  of  charge  instabilities  since  it 
eliminates  high  electric  field  at  the  cathode  (the  p-n  junction)  as  shown  by  the  broken  line 
in  Fig.  1 .  Since  the  threshold  current  for  Kirk  effect,  Jj^,  coincides  with  the  threshold  for 
Gunn  effect,  Jq,  it  effectively  prevents  transferred-electron  induced  instabilities.  This 
explains  the  absence  of  the  Gunn-Hilsum  phenomenon  in  HBTs  even  when  the  collector 
drift  region  satisfies  conditions  sufficient  to  cause  such  oscillations  in  a  Gunn  diode. 

To  observe  Gunn  oscillations  in  an  HBT  one  may  attempt  to  increase  the  threshold 
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for  Kirk  effect.  It  has  been  suggested  that  an  doping  spike  inserted  at  the  base-collector 
interface  of  an  npn  HBT  would  suppress  the  Kirk  effect  [4].  However,  detailed  investiga¬ 
tion  by  Lee  et  al.  [5]  later  showed  that  this  modification  does  not  improve  Jf^  under  d.c. 
conditions.  We  have  investigated  the  transient  behavior  of  HBTs  modified  with  an 
spacer  layer  using  numerical  simulations.  Our  results  indicate  that  while  the  n'*’  layer  does 
not  suppress  the  Kirk  effect,  it  does  delay  its  onset  in  time.  This  provides  an  opportunity 
for  charge  instabilities  to  nucleate  under  proper  switching  conditions. 

We  consider  a  GaAs  HBT  with  a  ISOOA  Alo.3Gao.7As  emitter  doped  to 
SxlO^^cm"^  preceded  by  a  contact  region  consisting  of  an  li^  GaAs  layer  and  500A  graded 
transitional  layer.  The  1000  A  GaAs  base  is  doped  to  1x10^^  cm’^,  and  collector  con¬ 
sists  of  a  1.5  |im  long  GaAs  drift  region  with  iV^lxlO^^  cm‘^  followed  by  an  n"*"  subcol¬ 
lector.  The  length  and  doping  of  the  collector  were  chosen  in  order  to  satisfy  the  NL 
product  condition.  In  the  modified  structure,  a  thin  2x10^^  cm'^  doping  spike  was 
placed  at  the  base  edge  of  the  collector  drift  region.  To  investigate  the  behavior  of  HBT 
structures  we  use  the  hydrodynamic  model  of  electron  transport  to  simulate  the  transient 
device  response.  The  self-consistent  algorithm  includes  the  first  three  moments  of  the 
Boltzmann  transport  equation  along  with  the  Poisson  equation.  The  non-linear  veloc¬ 
ity-field  characteristic  leading  to  the  Gunn  effect  is  realized  through  a  field  dependent 
mobility  model  [6].  Recently,  it  has  been  shown  by  Zybura  et  al.  that  the  hydrodynamic 
model  can  accurately  simulate  conventional  Gunn  diodes  [7]. 

We  have  studied  the  transient  response  when  the  transistor  is  excited  by  step  biases 
applied  to  the  base  and  collector  terminals  [1].  The  conventional  HBT  reveals  a  perfectly 
stable  behavior,  whereas  the  modified  structure  exhibits  charge  accumulation  layers  nucle¬ 
ating  at  the  n*  doping  spike  and  propagating  towards  the  subcollector.  The  behavior  is 
similar  to  that  of  a  Gunn  diode  operating  in  the  stable-anode-domain  mode.  In  order  to 
understand  the  significance  of  the  n'*’  layer  we  investigate  its  influence  on  Kirk  effect. 

Figure  2  shows  the  simulated  transient  responses  of  the  modified  HBT  at  biases 
corresponding  to  J^.  <  (dot  line:  V£,e=1.5  V,  V’gg=4  V)  and  J^.  >  Jj^  (dash  line:  V][,g=  1.57V, 
V^g=4  V),  along  with  that  of  a  conventional  transistor  at  >  Jj'  (solid  line:  V 1,^=1. 51  V, 
Vcg=4  V).  For  demonstration  we  use  a  silicon-like  mobility  model  since  otherwise  the 
Gunn  effect  induces  current  instabilities  in  the  modified  structure  (as  shown  below).  Fig¬ 
ure  2  reveals  that  at  high  injection  levels  the  ri^  spike  causes  a  delay  in  the  collector  termi¬ 
nal  current  which  may  reach  hundreds  picoseconds.  Inspection  of  the  carrier  densities  and 
currents  inside  the  collector  shows  that  this  delay  is  associated  with  the  formation  of  the 
current-induced-base  region.  For  base  widening  to  occur,  electron  density  in  the  collector 
must  exceed  the  background  ionized  donor  concentration.  The  time  necessary  for  the 
build-up  of  electron  density  is  longer  in  the  modified  structure,  since  the  spike  creates 
an  additional  reservoir  to  be  filled  by  electrons  injected  from  the  base.  During  this  charg¬ 
ing  time  the  terminal  collector  current  is  low,  whereas  the  electron  current  in  the  vicinity 
of  the  cathode  (base-collector  junction)  is  high  and  may  exceed  Jq.  Furthermore  the  elec¬ 
tric  field  in  the  cathode  region  is  high  since  the  base  widening  has  not  yet  occurred.  There¬ 
fore,  the  n'*’  spike  provides  a  time  period  when  both  the  electron  current  density  and  the 
electric  field  exceed  threshold  values  for  initiation  of  Gunn  oscillations. 

In  a  conventional  transferred-electron  device,  self-maintaining  oscillations  are 
characterized  by  the  propagating  dipole  domains  in  which  a  charge  depletion  layer  pre¬ 
cedes  the  accumulation  layer.  Formation  of  dipole  domains  may  be  triggered  by  random 
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doping  fluctuations  of  sufficient  magnitude  [8].  To  emulate  the  effect  of  doping  inhomo¬ 
geneities  in  the  collector  drift  region  we  include  a  doping  notch  (5x10^^  cm  ,  400  nm 
long)  in  the  collector.  Similar  techniques  are  commonly  used  to  simulate  conventional  two 
terminal  transferred-electron  oscillators  [9].  Figure  3(a)  shows  the  simulated  collector  cur¬ 
rent  density  as  function  of  time  after  applying  step  biases  1.525  V  and  Vcg=4V  at /=0. 
The  oscillation  period  is  about  25  ps  corresponding  to  the  distance  between  the  nucleation 
site  and  subcollector.  Time  evolution  of  the  electron  density  reveals  that  when  the  incipi¬ 
ent  electron  accumulation  layer  nucleated  at  the  li^  spike  reaches  the  doping  notch,  a 
dipole  charge  domain  forms  behind  the  notch  creating  a  high-field  layer.  After  initial 
growth  the  latter  propagates  towards  the  anode  where  it  is  absorbed  while  the  next  domain 
forms  at  the  notch.  Results  of  analogous  simulations  performed  with  the  silicon-hke 
mobility  model  do  not  exhibit  charge  instabilities  proving  the  transferred-electron  nature 
of  observed  oscillations. 

To  underline  the  effect  of  the  doping  spike  we  perform  the  transient  analysis  of 
the  same  structure  under  identical  bias  conditions  but  without  the  spike  at  the  base-collec¬ 
tor  junction.  The  result  presented  in  Fig.  3(b)  shows  that  after  initial  stabilization  no  oscil¬ 
lations  are  detected  in  such  a  stmcture.  Although  a  doping  fluctuation  in  the  quasi-neutral 
region  of  the  collector  may  create  an  electric  field  disturbance  with  characteristics  ade¬ 
quate  for  Gunn  domains  nucleation  {E>Epi  dE/dx>0),  the  growth  of  a  domain  there  would 
be  prevented  by  the  lack  of  voltage  drop  in  the  direction  of  possible  domain  propagation. 
On  the  other  hand,  in  the  proposed  stmcture  with  the  spike,  an  initial  charge  accumula¬ 
tion  layer  propagating  away  from  the  spike  causes  the  electric  field  in  front  of  it  to  rise,  so 
that  the  base-collector  voltage  drop  is  effectively  redistributed  from  the  p-n  junction  to  the 
region  between  the  accumulation  layer  and  subcollector.  This  leads  to  the  growth  of  a 
dipole  domain  at  the  doping  notch  and  hence  triggers  the  oscillatory  process. 

In  summary,  we  have  investigated  the  prospects  for  transferred-electron  induced 
instabilities  in  the  collector  of  npn  HBTs.  We  have  established  that  stability  of  conven¬ 
tional  HBTs  is  ensured  by  the  classical  Kirk  effect.  Our  study  suggests  that  HBT  stractures 
with  properly  engineered  collector  doping  profile  may  exhibit  oscillatory  behavior  under 
d.c.  bias  conditions. 
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Figure  1:  Electric  field  profiles  in  an  HBT  collector  drift  region  at  different  levels  of 
injection. 
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Figure  2:  Normalized  collector  currents  in  conventional  and  modified  HBTs  at  different 
levels  of  injection  in  the  absence  of  negative  differential  mobility. 


Figure  3:  Collector  current  density  after  applying  the  bias  V^g= 1.525  V,  V^g=4  V  to  HBT 
structures  with  doping  spike  (a)  and  without  it  (b). 
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I. INTRODUCTION 

The  contacts  of  different  semiconductor  materials  attract 
interest  for  investigation  of  their  electron  system  properties 
and  the  application  in  device  construction.  The  special  interest 
is  attracted  by  heterostructures  based  on  narrow  gap 
semiconductors  which  are  obtained  by  MBE  technology.  In  this  work 
we  report  for  the  first  time  such  results  in  n-PbS/n-ZnSe  and 
Pb/p- ZnCdHgTe  heterostuctures. 

We  present  the  main  results  of  electrophvsical  and 
photoelectrical  characteristics  in  77-293  K  range  studies  and 
energy  band  diagrams  which  are  built'  according 
Harrison-Kroemer-Frensley  theory  11,21.  . 

1 1. EXPERIMENTAL 

A.  n-PbS/n-ZnSe  heterostucture  fabrication. 

n-PbS  films  were  grown  in  home-made  equipment.  The  growth 
process  was  control  ed  by  modern  methods  of  the  surface 
monitoring.  The  film  thickness  was  in  the  range  1-3  pm,  the 
carrier  concentration  and  the  Hole  mobility  were  4. 5  .lO^'^cm'^  and 
1  10^  cm^  /V  s,  respectively. 

B.  ZnCdHgTe  samples  preparation.  - 

ZnCdHgTe  layers  were  grown  by  LPE  and  served  as  substrates 

for  Pb/p-Zno.ivCdo.ovHgo.veTe  Schottky  barrier  fabrication.  The 
as-grown  LPE  layers  had  the  Hole  concentration  3  10^®  cm~^  and 
Hall  mobility  600  cm^VV  s  at  77K. 

111. RESULTS 

The  model  [1,23  used  for  energy  diagrams  building  is 
^picable  only  for  abrupt  heterostructures,  so  we  investigated 
I-V  and  C-V  characteristics,  for  examination  of  their  abruption 

(Fig-l).  *183  • 


The  most  interesting  point  in  semiconductor  heterostructures 
investigations  is  the  construction  of  energy  band  diagrams.  In 
our  work  we  present  the  diagrams  of  n-PbS/n-ZnSe  and 

Pb/p-ZnCdHgTe  structures  (Fig. 2, 3). 

The  C-V  dependence  is  a  straight  line  in  coordinates 
C"2^f(V)  and  1-V  characteristics  are  discribed  by  the  following 
equations: 

If*0.25  evniXexpE- (AEc+Ess)/2kT3exp(eV/nkT)  (1) 

Ir-Is!<V(Fi+F2-eV)2  (E), 

were  If  and  Ir  are  forward  and  reverse  currents, 

respectively.  Is  is  saturation  current. v  is  a  thermal  velocity, 

ni  is  the  carrier  concentration  in  substrates,  X  is  a  tunneling 
transparancy  coefficient,  AEc  is  the  conduction  band 
di continuity.  Ess  is  the  energy  of  surface  electron  states,  Fi 

and  Fi  are  quasi  Fermi  levels  for  magority  carrierrs  in 
heterocomponents . 

The  energy  band  diagrams  were  build  according  triangle 
potential  well  ^proximation  [3,43.  The  energy  levels  Eq  and  Ei 
are  appeared  in  the  narrow  interlayer  range  on  tha 

heterointerface  with  the  electron  states  concentration  about 
cm“^  (this  value  was  determined  by  C-V  measurements). 

Both  heterostructures  were  photosensitive  in  the  2-5  and 
2-11  pm  wave  range  respectively.  The  investigations  of  the 
carrier  life  time  were  carried  out  for  the  Pb/p-ZnCdHgTe 
heterostructures. 

Minority  carrier  lifetime  was  measured  by  the 
photoconductivity  decay  technique.  Experimental  data  were 
compared  with  the  calculated  values  obtained  using  band- to- band 
radiative  and  two  Auger  recombination  mechanisms.  In  the 
calculation  anal it i cal  expressions  for  the  energy  gap,  dielectric 
constants,  and  intrinsic  carrier  concentration  vs  temperature  and 
composition  of  quaternary  solid  solutions  ZnCdHgTe  were  used. 
Satisfactory  coincidence  of  the  experimental  temperature 
dependence  and  the  calculated  according  to  the  chosen  model 
proves  that  concentration  of  the  recombination  centers  in  the 
epi layers  to  be  negligible. 

■  References;  .  - 

1.  W.R,  Frensley,  H.  Krbemeri/  Phys.Rev.B,  16(6)1977  ,  2642. 

2.  W.A.Harrison,  E.A.Rraut,  J.R. Waldrop,  R.W. Grant//. 

184 


Phys. Rev. B.  ,18(8)1978  ,  4402. 

3.  T.Ando,  A. Fowler,  F. Stern:  Electronic  properties  of 
two-dimensional  systems.  In:  Reviews  of  Modern  Physics,  V.54,No. 
2,1982. 

4.  A.Andrukhiv,  O.Khly^,  M.Andrukhiv,  L.Bochkariova.  Quasi 
Two-Dimensional  Electron  Layers  in  ZnCdHgTe  and  PbS 
Heterostructures/ZThin  Solid  Films,  1995.  To  be  published  . 


185 


Q  2  4  -6  ■&  iO  12 

Forvaral  vol^tage.Uy 

Pig,1.  I-v  and  C-V  (insert, 

T  =77  K)  ciisracteristica 
n— ptS— n-finSe  lieterostructure, 
^D,  K:  1  -  77  ,  2  -  180,  3  - 
255,  4-295. 


U 

Pig?*2.  EnercT  Tjs-nd  diaf?3>. 
am  of*  iHPtS-n-Zi^Se  hetero- 
struciTure,.  T  =  77  E. 

BqS  5.76  me7,  E^=  4.12  me-\ 

Pigi4.  Tender atiire  dep- 
etider.ce  o’P  cannier  li'Pe- 


Pi**‘.5^.  Energy  "banc?,  diaeram 
©■P  Pt-^-^lnOdH^e  hetero- 
structure,  T  =  77  E. 


Phonon  Wall  as  a  Mean  of  Enhancing 
Electron  Mobility  in  2D  Structures 


Juras  Pozela,  Vida  Juciene,  and  Karolis  Pozela 
Vilnius,  Lithuania 


la  two-dimenaonal  (2D)  AlAs/GaAs  MODFET  heterostructures  where  impiirify  scattering 
is  eliminated  by  spatiM  separation  between  the  carriers  and  the  parent  donors  electron  - 
polar  optical  phonon  scattering  play  a  dominant  role  at  tenqjeratures  T  >  80  K  It 
determines  an  electron  mobility  and  other  electrical  properties  of  semiconductor  devices 
[1].  hi  order  to  mprove  high-q)eed  parameters  of  MODFETs  it  is  a  considerable  interest  to 
enhance  an  electron  mobility  in  2D  channels  by  reducing  electron  -  optical  phonon 
scattering. 

It  is  well  known  that  electrons  and  polar  optical  phonons  due  to  their  difFerpnt  phyacal 
nature  can  be  confined  in  heterostructures  independent^  in  their  quantum  wells  (QWs). 
These  structures  can  be  used  for  the  enhancement  of  an  electron  mobility  by  reducing  the 
electron  -  optical  phonon  scattering  rate  [2-5],  Recently  it  has  been  ^own  that  the  moa 
significant  reduction  of  the  scattering  is  expected  when  a  new  type  of  barrier  -  phonon  wall 
(phonon-reflecting  barrier  transparent  to  electrons)  is  inserted  into  an  electron  QW  [6], 
Thin  AlAs  layer  (one  to  three  monolayers)  can  serve  as  a  phonon  wall  in  GaAs  QWs. 
hi  this  work  we  analyze  the  possibilities  for  designing  phonon  walls  in  electron  QWs  and 
calculate  the  confined  electron  -  phonon  scattering  rate  dependencies  on  the  phonon  wall 
po^on,  thickness  and  surrounding  heterostracture.  It  is  shown  that  the  decrease  of  the 
intrasubband  (J—>  I)  scattering  rate  is  maximal  when  the  phonon  wall  is  placed  in  the 
center  of  the  electron  QW,  mainty  due  to  the  great  reduction  of  confined  phonon  scattering 
rate  (5  times  in  the  QW  with  the  width  lower  than  50  A)  (Fig.  1).  The  reduction  of  the  total 
scattering  rate  (due  to  confined  and  interlace  phonons)  is  a  fimction  of  the  electron  - 
phonon  coiqrling  constant  that  depends  on  the  parameters  of  the  phonon  wall  and 
surrounding  heterojunctions. 
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fig.  1.  Electron-phonon  scattering  rates  in  QW. 
Carves  1  and  2  are  for  confined  phonon  scatterii^ 
without  Ph-waD  (curve  1)  and  with  Ph-waD  (curve  2), 
carves  3  and  4  are  total  scattering  without  Ph-waD 
(curve  3)  and  with  Ph-waD  (curve  4). 

insertion  of  the  phonon  wall  into  the  FET  2D  channel 

the  characteristics  of  the  transistor. 


The  reduction  of  the  scattering  rate 
in  the  case  \^ilen  bulk  phonons  are 
divided  by  the  phonon  wall 
inserted  in  the  electron  QW  with  a 
low  vsidth  is  about  twice. 

The  calculations  of  the  scattering 
rate  in  the  single  heterostructure 
with  the  inserted  phonon  wall 
(analogous  with  the  MODFET 
channel)  show  that  the 
enhancement  of  2D  electron  gas 
mobility  is  more  than  1.4  times  at 
tenqieratures  T  =  80  -  300  K  The 
is  a  powerfiil  method  of  hrqiroving 
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Identification  of  a  Coulomb  Correlation  Gap  and  its  Influence  on 
Carrier  Transport  in  Non-Metallic  Si:B 

Mark  Lee  and  J.  G.  Massey 

Department  of  Physics,  University  of  Virginia,  Charlottesville,  VA  22903 


Using  a  metal-insulator-semiconductor  (MIS)  tunneling  device  fabricated  on  single 
crystal  boron-doped  silicon  (Si:B)  with  dopant  density  below  the  metal-insulator  transition, 
we  have  been  able  to  identify  quanitatively  the  properties  of  the  Coulomb  correlation  gap  in 
the  density  of  states  N(e)  first  predicted  20  years  ago  by  Efros  and  Shklovskii  (ES).*  In 
agreement  with  this  analytic  model,  N(e)  is  found  to  have  a  nearly  parabolic  energy 
dependence,  resulting  in  a  “soft”  zero  at  the  Fermi  energy,  with  a  gap  width  =  0.75  meV. 
We  have  further  done  ultra-low  temperature  resistivity  measurements  of  the  Si:B  itself  to 
demonstrate  precisely  how  this  Coulomb  gap  governs  the  crossover  between  non¬ 
interacting  and  correlated  hopping  transport. 

In  insulating  doped  semiconductors,  carrier  transport  occurs  via  inelastic  hopping. 
Mott  showed  that  at  low  temperature  electrons  seek  accessible  energy  states  by  hopping 
distances  beyond  the  localization  length,  leading  to  variable-range  hopping  conductivity 
a(T)  0=  exp(-To/T)''.  For  non-interacting  electrons  v  =  1/4  in  3-D.  ES  argued^  that, 

including  Coulomb  interactions,  the  ground  state  is  stable  with  respect  to  a  single  carrier 
excitation  only  if  N(e)  has  a  quadratic  dependence  on  e  near  Ep: 

Ti\e  J 

where  K  is  the  dielectric  constant.  Because  N(e)  vanishes  only  at  Ep,  this  is  a  “soft” 
Coulomb  correlation  gap  with  a  width  where  Nq  is  the  non-interacting 

density  of  states.  In  general,^  a  power-law  N(e)  (e  -  Ep)”*  results  in  a  hopping  exponent 
V  =  (m-t-l)/(7n44)  as  T  — >  0,  so  that  (1)  gives  v  =  1/2.  When  T  is  high  enough  for  a 
hopping  electron  to  explore  an  energy  range  kBET^To]^'"^  >  Ac,  where  Tq  =  18/(kB^^No) 
and  ^  is  the  localization  length,  the  influence  of  the  Coulomb  gap  can  be  neglected  and  the  v 
=  1/4  exponent  is  expected.  Below  a  temperature  =  0.38e'‘^No/kBK^,  only  states  inside 
the  gap  are  accessible  and  a  crossover  to  v  =  1/2  is  predicted. 

Using  a  MIS  tunnel  junction,  we  have  made  a  quantitative  measurement  of  the  soft 
Coulomb  correlation  gap  and  have  measured  its  relationship  to  the  conductivity  in  Si:B. 
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The  conductivity  of  Si:B  across  its  MIT  was  extensively  studied  by  Sarachik  and  co- 
workers,"^  whose  measurements  show  a  critical  boron  density  =  4.0  x  10^^  cm‘^. 
Electron  tunneling  in  metallic  Si:B  crystals  was  reported  by  Wolf,  et  al.^,  using  Schottky 
contacts.  They  observed  a  conductance  cusp  . 

When  a  conductor  is  separated  from  a  conventional  metal  by  a  rectangular  potential 
barrier  high  enough  to  prevent  classical  current  flow  but  thin  enough  to  permit  quantum 
tunneling  current,  the  tunneling  conductance,  G(V)  =  dl/dW  is  given  by: 

G(V)_  f^N(e) 

Gq  J-oo  Nq 

where  Gq  is  the  conductance  in  the  non-interacting  case, /is  the  Fermi  function,  and  V  is 
the  applied  voltage  between  electrodes.  We  take  Ep  =  0.  In  many  cases,  interactions  alter 
N(e)  within  at  most  a  few  meV  of  8p,  so  that  Gq  is  taken  as  the  conductance  at  a  high 
enough  voltage  bias  where  I(V)  is  nearly  ohmic.  The  conductance  then  gives  N(cV)/No 
thermally  broadened  by  -df/d{eY).  The  classic  application  is  in  superconductor  gap 
spectroscopy,  where  N(e)/No  =  Re[E/(E^  -  has  a  distinctive  shape.  When  one 

electrode  is  a  superconductor,  observation  of  this  structure  definitively  establishes  that  the 
junction  current  is  due  to  quantum  tunneling. 


3/(£-gV) 

d(eV) 


Figure  1.  Conductance  vs.  voltage  bias  of  a  Pb-Si02-Si:B  device  at  1.15  K. 
The  dashed  curve  is  in  zero  magnetic  field  The  solid  curve  is  in  2  kG.  The 
circles  are  this  data  with  the  thermal  broadening  removed.  Inset:  Schematic 
cross  section  (not  to  scale)  of  the  junction. 
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Figure  2:  Plot  of  log[3ln(p)/3(l/T)]  vs.  log[T].  The  slope  of  the  data  gives 
the  negative  of  the  hopping  exponent.  The  solid  hne  is  a  linear  fit  to  the  range 
1.5  K  <  T  <  10  K.  The  dashed  line  is  a  linear  fit  to  the  range  0.3  K  <  T  <  0.8 
K. 

We  fabricated  tunnel  junctions  on  <100>-oriented  single  crystal  wafers  of  Si:B  grown 
by  PureSil,  Inc.  The  resistivity  ratio  p(4.2  K)/p(300  K)  gave  a  boron  density  n  =  3.4  x 

1  Q  O 

10  cm"  ,  or  n/rif,  =  0.85.  We  fabricated  a  more  ideal  tunnel  junction  by  the  following 
procedure.  Both  sides  of  12  mil  thick  crystals  were  cleaned,^  and  a  150  nm  Si02  layer 
was  grown.  The  Si02  was  stripped  off  one  side  (the  “back”)  and  four  A1  stripes  were 
evaporated.  Ohmic  contacts  were  formed  by  briefly  annealing  the  A1  stripes.  The  tunnel 
junction  was  made  on  the  “front”  by  etching  a  slot  in  the  Si02  down  to  the  Si.  A  very  thin 

o 

(5  to  8  A)  Si02  layer,  the  tunnel  barrier,  was  then  grown  using  the  methods  described  in 
Ref.  7.  Pb  stripes  were  evaporated  through  a  mask,  crosswise  to  the  patterned  slot,  to 
serve  as  the  counterelectrodes.  Junction  quality  was  sensitive  to  the  fabrication  details.  The 
“failure”  mode  was  a  junction  resistance  >  10  MO.  To  prove  that  the  conductance  was  due 
to  quantum  tunneling,  our  criterion  for  a  “good”  junction  was  observation  of  the 
superconducting  gap  of  Pb.  The  Pb  could  be  driven  to  its  normal  state  by  a  2  kG  magnetic 
field,  which  allowed  measurement  of  the  density  of  states  of  the  Si:B  alone. 

Figure  1  shows  a  normalized  tunneling  conductance  spectrum  taken  at  1.15  K  in  both 
zero  field,  where  the  Pb  is  superconducting,  and  in  2  kG,  where  the  Pb  is  normal.  The 
zero  field  data  clearly  show  the  superconducting  density  of  states  of  Pb,  proving  that  the 
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junction  conductance  is  due  to  quantum  tunneling.  A  “soft”  depletion  in  the  density  of 
states  of  the  Si:B  is  revealed  when  a  2  kG  field  drives  the  Pb  normal.  There  is  a  clear  dip 
in  G(V)/Go  between  ±0.5  mV,  which  is  the  signature  of  the  Coulomb  gap.  Near  V  =  0, 
the  measured  conductance  is  approximately  parabolic  but  does  not  go  to  zero.  At  1.15  K 
the  conductance  is  broadened  by  thermal  smearing.  Using  the  G(V)/Go  data,  the  thermal 
smearing  can  be  deconvoluted  from  the  integral  in  (2).  The  result  is  depicted  by  the  circles 
in  Fig.  1.  This  gives  a  functional  form  N(eV)/No  leVp'^,  and  a  width  =  0.75  meV. 
Also,  most  of  the  small  measured  conductance  at  V  =  0  is  removed  from  N(eV). 

The  hopping  exponent  v  can  be  determined  without  prior  assumptions  about  carrier 
transport  by  plotting  log[3ln(p)/3ln(l/T)]  against  log(T),  the  linear  slope  of  which  gives  -v. 
This  is  shown  in  Fig.  2.  Clearly,  a  single  line  does  not  fit  the  data  over  the  entire 
temperature  range.  A  linear  fit  for  T  >  1.3  K  yields  a  slope  of  -0.25,  indicative  of  Mott 
hopping.  A  fit  over  a  limited  temperature  range  (0.3  K  <  T  <  0.8  K)  yields  a  slope  of  -0.5, 
consistent  with  ES  hopping.  The  empirical  crossover  temperature  T^  between  non¬ 
interacting  and  Coulomb  correlated  regimes  can  be  defined  where  the  slope  =  -0.5  and 
slope  =  -0.25  lines  in  Fig.  3  intersect.  This  gives  T^  =  1.4  K. 

The  independent  measurements  of  both  density-of-state  structure  and  resistivity  on  the 
same  Si;B  sample  allow  us  to  definitively  establish  the  influence  of  the  Coulomb  gap  on 
charge  transport.  The  measured  Coulomb  gap  form  N(8)  0=  predicts  a  hopping 
exponent  v  =  0.52  near  1  K,  consistent  with  the  transport  data.  This  demonstrates  that  the 
shape  of  the  gap  determines  the  hopping  characteristics  in  the  expected  manner.  Moreover, 
the  size  of  the  Coulomb  gap,  as  measured  by  tunneling,  determines  the  crossover 
temperature  T^,  as  measured  by  the  resistivity.  This  can  be  shown  by  noting  that,  within 
the  ES  model,  A^,  T^,  and  Tq  are  defined  to  satisfy  the  consistency  relation  Ac  = 
kBCTx^ToM)^^*^-  From  the  data,  using  the  independently  measured  values  Aq  =  0.75 
meV,  Tx  =  1.4  K,  and  Tqm  =  1500  K,  we  obtain  a  relation  Ac/kg  =  LICT^^Tom)^^*^.  in 
reasonable  agreement  with  the  model,  given  our  empirical  definition  of  T^. 
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Hot-Electron  Fluctuations  in  n-type  GaAs 
at  Extremely  High  Electric  Fields 

V  .Aninkevicius,  V  .Bareikis,  R.Kati]ius,  JXiberis,  I.Matiilioiiieiie, 
A.Matulionis,  P.Sakalas,  and  R.§altis 
Semiconductor  Physics  Institute,  A.Gostauto  1 1,  LT-2600  Vilnius,  Lithuania 


We  are  presenting  experimental  results  on  hot-electron  noise  in  GaAs  at  electric 
fields  over  25  kV/cm.  The  intervalley  noise  temperature  is  found  to  saturate  at 
15000  K  in  the  field  range  over  100  kV/cm.  The  scattering  time  of  high-energy 
electrons  fi-om  the  T-valley  into  the  X- valleys  is  estimated:  20  fs  <  inc  <  60  fs. 

Noise  spectroscopy  is  known  [1]  to  be  a  powerful  tool  to  study  hot-electron 
kinetic  processes.  In  particular,  microwave  fluctuations  in  n-1^e  GaAs  at 
sufficiently  high  electric  fields  are  dominated  by  intervalley  transfer.  The  hot- 
electron  transfer  fi*om  the  T-type  valley  to  the  L-type  satellite  valleys  of  the 
conduction  band  appears  at  fields  over  2  kV/cm,  and  the  intervalley  T-L 
fluctuations  remain  the  most  important  source  of  microwave  noise  in  long 
samples  until  the  hot  electron  velocity  fluctuations  are  obscured  by  Gunn 
instabilities.  The  latter  can  be  avoided  in  short  channels;  as  a  result  both  T-L  and 
T-X  transfer  contributions  to  microwave  noise  have  been  resolved  in  n-type  GaAs 
at  fields  below  30  kV/cm  [2].  On  the  other  hand,  electric  fields  over  100  kV/cm 
are  often  found  in  channels  of  field-effect  transistors.  The  electrons  are  extremely 
hot  in  the  high-field  region  of  the  channel,  and  investigation  of  hot-electron 
velocity  fluctuations  is  important  for  understanding  low-noise  performance  of 
field-effect  transistors  at  microwave  frequencies. 

In  this  contribution,  results  of  microwave  noise  measurements  in  n-type  GaAs  at 
electric  fields  up  to  300  kV/cm  are  presented.  Ungated  chaimels  of  submicron 
length  were  investigated.  Figure  1  gives  a  sketch  of  a  sample:  a  recessed  silicon- 
doped  GaAs  channel  on  an  insulating  substrate  has  two  ohmic  electrodes  of  Au- 
Ge  evaporated  onto  an  n"-doped  cap  layer.  The  electrons  are  heated  up  by  pulsed 
voltage  to  reduce  the  chaimel  overheat. 

Short  100  ns  voltage  pulses  were 
necessary,  and  a  nanosecond/microwave 
sample  holder  was  designed  to  perform 
short-time-domain  pulsed  measurements 
of  hot-electron  noise  power  at 
microwave  frequencies.  Equivalent  noise 
temperature  of  hot  electrons  was 
measured  in  10  GHz  frequency  band. 

The  typical  pulse  repetition  frequency 
was  55  Hz.  The  principle  of 
measurement  is  illustrated  by  Fig.2  [3]. 

The  sample  was  placed  into  a  coaxial 


OJ2 


Fig.l.  A  schematic  view  of  a 
recessed  ungated  n-type  chaimel  of 
GaAs  on  an  insulating  substrate. 
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Fig.2.  Main  blocks  used  to  measure  hot  electron  noise  temperature. 

cable  of  the  nanosecond  circuit  and  coupled  to  the  waveguide  by  means  of  a  T- 
shaped  antenna  (Fig.2,  the  cross-section  view:  AA).  When  the  voltage  pulse  was 
applied  the  incident/reflected  pulse  waveforms  were  fed  into  the  oscilloscopes  and 
analyzed  to  obtain  voltage  dependence  of  the  channel  current.  The  coupling  and 
transmission  coefficients  and  waveguide  losses  were  determined  using  the  noise 
standard.  The  delay  of  the  gating  enstued  the  noise  power  measurements  before, 
during,  and  after  the  voltage  pulse.  This  was  sufficient  to  control  the  channel 
overheat  and  keep  it  low  enough.  Matching  of  the  channel  circuit  to  the 
waveguide  was  controlled  by  the  standing-wave-ratio-meter  (SWR-meter).  Its 
readings  were  voltage-dependent,  they  were  taken  into  accoimt  while  determining 
the  noise  temperature.  The  noise  power  radiated  by  the  channel  and  detected  by 
the  gated  radiometer  was  compared  to  that  of  the  "black  body"  radiation  source 
kept  at  known  temperature.  This  technique  enabled  to  measure  the  equivalent 
noise  temperature  of  hot-electron  velocity  fluctuations  in  the  channel  in  the 
direction  of  applied  electric  field. 

Figure  3  shows  dependence  of  the  equivalent  noise  temperature  on  the  average 
electric  field  defined  as  E  =  U/L,  where  U  is  the  applied  voltage  and  L  is  the 
sample  length.  Exploitation  of  100  ns  voltage  pulses  opens  an  essentially  wider 
range  of  fields  and  noise  temperatures  as  compared  to  the  microsecond  time- 
domain  data.  An  essential  increase  of  the  hot-electron  noise  temperatiffe  takes 
place  at  25  kV/cm  average  field  (Fig.3,  open  squares).  This  increase  is  followed 
by  the  noise  temperature  saturation  at  fields  around  100  kV/cm  and  by  another,  a 
much  stronger,  source  of  fluctuations  dominating  at  fields  over  200  kV/cm. 

The  excess  noise  temperature  AT^  =  T^  -  Tq,  where  To  =  293  K,  is  plotted  as  a 
function  of  the  applied  voltage  U  in  Fig.4,  A  decomposition  of  the  ATn(U) 
dependence  into  four  sources  of  noise  is  given:  thin  lines  in  Fig.4  represent 
possible  contributions  of  each  source.  The  contributions  sum  up  into  the  solid  line, 
which  fits  the  experimental  results  pretty  well.  The  lowest  threshold  appears  at 
around  0.2  V.  It  has  been  associated  with  the  resonant  scattering  of  hot  electrons 
by  the  impurity  levels  located  inside  the  conduction  band  [2].  The  next  two 
sources  with  thresholds  at  0.3V  and  0.5V  are  caused  by  the  intervalley  transfer  of 
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hot  electrons.  Since  the  hot-electron  noise  in 
short  samples  at  very  high  fields  is 
contributed  quite  a  bit  by  ballistic  electrons, 
the  sources  due  to  the  L-type  and  X-type 
valleys  of  the  conduction  band  (with  the 
threshold  energies  close  to  0.3  eV  and  0.5 
eV,  correspondingly)  are  resolved  at  different 
voltages.  Our  experimental  results  show  that 
the  maximum  contribution  to  the  noise 
temperature  due  to  L-valleys  is  essentially 
lower  than  that  due  to  the  F-X  transfer 
(Fig.4). 

The  extrapolation  of  ATn(U)  data  obtained  at 
fields  over  200  kV/cm  yields  the  threshold 
energy  for  the  fourth  source;  the  energy 
exceeds  the  forbidden  gap  (Fig.4).  This 
source  of  noise  is  accompanied  by  the  steep 
increase  of  the  current  and  consmned  power 
(Fig.5);  impact  ionization  is  thought  to  be 
responsible  for. 


Fig.3.  Field  dependent  hot-electron 
noise  temperature:  2  jis  pulses  (dots)  and 
100  ns  pulses  (squares).  n=3  lO’’  cm'^, 
To=293  K,  L=0.2  pm. 


The  saturation  of  hot-electron  noise  temperature  turns  into  the  field-controlled 
dependencies  at  E  <  100  kV/cm  and  E  >  200  kV/cm.  This  very  specific  behaviour 
suggests  two  independent  ways  for 
estimation  of  the  time  constant  of  the 


intervalley  scattering  experienced  by 
the  high-energy  electrons  present  in  the 
F-valley  at/over  the  X-valley  energy  (s 
>  0.5  eV). 

The  observed  strong  dependence  of  the 
intervalley  noise  temperature  on  field  at 
E  <  100  kV/cm  means  that  the  hot- 
electron  intervalley  fluctuations  are 
limited  by  the  electron  acceleration 
rather  than  the  F-X  transfer  of  the 
already  accelerated  electrons.  Contrary, 
the  saturation  of  the  noise  temperature 
at  E  >  100  kV/cm  means  that  the 
acceleration  no  longer  decides  the 
result.  Consequently,  the  acceleration 
time  at  these  fields  is  already  shorter 
than  the  F-X  transfer  time.  On  the  other 
hand,  some  of  the  high-energy  electrons 
in  the  F-valley  can  avoid  F-X  transfer 
and  be  accelerated  up  to  the  energies 


Fig.4.  Voltage-dependent  excess  noise 
temperature  of  hot  electrons  (n=3  lO’’  cm'^, 
L=0.2  pm)  at  To=293  K.  2  ps  pulses  (closed 
circles),  100  ns  pulses  (sqxiares),  different 
sources  of  noise  (thin  lines)  and  sum  of  the 
source  contributions  (solid  line). 
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sufficient  for  impact  ionization.  The 
related  noise  becomes  dominant  when 
the  time  required  for  electron 
acceleration  inside  the  T-valley  from  0.5 
eV  to  the  impact  ionization  energy 
becomes  shorter  than  the  F-X  transfer 
time.  Our  experimental  results  show  that 
the  F-X  transfer  is  too  weak  to  eliminate 
impact  ionization  in  n-type  GaAs  at 
fields  exceeding  200  kV/cm. 

Supposing  that  the  F-valley  electrons 
are  accelerated  ballistically,  the 

acceleration  time  of  a  cold  electron  to 
the  X-valley  energy  (0.5  eV)  is  60  fs  at 
100  kV/cm.  The  additional  acceleration 
time  of  the  high-energy  electron  to  the 
impact  ionization  energy  (i.e.  from  0.5 
to  1.5  eV)  at  200  kV/cm  is  20  fs.  Since 
the  obtained  acceleration  times  are  short 
as  compared  to  the  time  of  spontaneous 
emission  of  an  optical  phonon  (190  fs,  [4]),  one  finds  out  that  the  evaluation  based 
on  ballistic  acceleration  is  self-consistent.  Thus  the  F-X  transfer  time  falls  into  the 
range  20  fs  <  ipx  <  60  fs.  This  estimation,  based  on  hot-electron  noise  data,  does 
not  contradict  to  that  obtained  from  optical  cw  spectroscopy  data  [5]. 
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Average  electric  field,  kV/cm 


Fig.5.  Dependence  of  consumed  power  on 
voltage.  n=3  10^’  cm’^,  L=0.2  pm. 
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The  greatest  photogain  in  the  intrinsic  photo¬ 
resistor  is  attained  when  the  electron  and  hole  life¬ 
times  %  and  T  exceed  their  times  of  the  transit  [1-41. 

n  p 

Often  'Lj^and  are  conditioned  by  the  recombination  of 
carriers  via  impurity  centres  [2,3,51 ,which  sometimes 
especially  introduced  [6,71. 

It  mdght  seem  that  the  Increase  in  the  con¬ 
centration  of  recombination  impurity  atoms  N  always 
reduces  t  and  t  due  to  the  increase  in  the  capture 
rate  of  non-equilibrium  carries.  However,  as  we  are  able 
to  show  [8-101,  under  certain  conditions  the  t  and  % 

n  p 

very  strongly  increase  with  the  N  Increase  within  a 
certain  Interval  (Plg.1)  due  to  weak  non-equilibrium, 
occupation  of  the  recombination  level  with  the  energy 
Let  semiconductor  is  doped  with  a  shallow  donors  and 
recombination  centres  be  acceptors.  Consider  a  small 
departure  from  equilibrium.  In  this  case  m.ay  be  a 

non-monotonic  function  if 

\  ZNj,  »  J  n .  ,  3n.;  «  4ertT  «  (1 ) 

where  and  -  shallow-levels  donors  and  carrier 
intrinsic  concentrations,  -  equilibrium,  concentration 
of  electrons  when  Perml  ll'^el  energy  =  E^,  6  = 


Fig.  i .  Tne  dependences  of  'ip<->  and  < — >  on  N  at 

different  values  of  N^.  i(t  =  r  )  -  =  w  /n  <1: 

2  -  li  =  10^;  3  -  h  =  10“^.  lifetimes  are  measured  in  the 
units  injD^r\  N  -  In  units  n^.  It  Is  assumed  that 
e  =  10^,  n.  = 

z  i 

and  a;^-hole  and  electron  capture  probability.  The 
non-mono  tonic  dependence  takes  place  if 


J  N-  »  \zn^  , 


271^  « 


The  value  of  ilT  wheft  and  %^{N)  attain  their  maximum 

98 


extrema  In  a  zero  approximation  Is  N^.  The  ratio 
may  be  several  orders  [8-101.  The  i  ,  t 

mdK  mDja  pmax  nmax 

values  strongly  depend  on  (Fig. 2)  and  Increase  with 
the  Nj^  decrease  (Fig.i).  We  are  able  to  show  that  the 
coeliicients  and  a_  Tor  example,  in  the  continuty 
equation  oi  electron  current  [111 


d^Ln 


+  a. 


dLn 

L  pt'r  1 


vanish  at  the  sam-e  concentration  oT  Zv  =  when  m  (F) 

jj  p 

and  \{'^)  attain  their  maximum,  extrema,  where  eilec- 
tive  diifuslon  coeriiclent  of  electrons.  An-  concentra¬ 
tion  ol  non-equilibrium  electrons,  g-  rate  oT  photogene- 
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ration.  It  means  that  the  electrical  Held  E  does  not 
affect  the  space  distribution  of  non-equilibrium  carries 
[113.  The  diffusion  distribution  remains  of  course  In 
the  some  vicinity  of  3V  =  too.  Therefore, In  these 
conditions  the  photogain  saturation  with  E  Increase 
[1,23  does  not  occur  even  under  the  extracting 
contacts.  Thus, concept  on  which  we  shouldllhe  to  report 
consists  In  the  doplrig  of  the  semiconductor  with  shallow 
donors  to  At  the  cost  of  that  It  is  possible  to 

increase  photogain  very  strongly  even  under  large  values 
of  N.  The  photogain  increasing  is  the  more  the  lower  E. 
and  occiucs  at  an  arbitrary  low  excitation  level. 
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ABSTRACT 

A  novel  high  temperature  electronic  technique  (HTET)  has  been  developed  to 
stabilize  the  performance  of  GaAs-based  devices  (MESFETs,  HEMTs)  at  elevated 
temperatures  [1-5].  In  this  technique,  a  voltage  of  correct  magnitude  and  polarity  is 
applied  to  the  substrate  which  substantially  reduced  the  leakage  currents  in  the 
substrate,  improved  the  output  resistance  and  the  breakdown  voltage.  The  HTET  also 
aids  in  obtaining  comparable  high  frequency  gain  at  elevated  temperatures  to  the  gain 
obtained  at  room  temperature.  Due  to  space  limitations,  we  will  only  discuss  the  D.C. 
results  for  depletion  MESFETs,  and  high  frequency  gain  (S21)  results  for  HEMTs  in  this 
abstract. 

D.C.RESULTS: 

Device  performance  tends  to  degrade  due  to  changes  in  various  semiconductor 
electronic  properties  with  increasing  temperature.  The  effects  of  elevated  temperatures 
and  HTET  on  the  l^-V^  and  g,^  characteristics  are  described  elsewhere  [1-5].  Figure  1 
shows  the  effect  of  elevated  temperatures  and  substrate  biasing  (HTET)  on  leakage 
currents  for  a  depletion  MESFET.  The  X-axis  corresponds  to  the  voltage  from  drain  to 
the  substrate,  considering  the  substrate  as  the  fourth  active  terminal  of  the  device.  The 
Y-axis  corresponds  to  the  leakage  currents  from  the  drain  ohmic  contact  to  the 
substrate.  If  5V  is  applied  to  the  drain  terminal  and  substrate  is  grounded  then  V^. 
sub  =  5V,  for  which,  the  leakage  current  is  around  3  mA  at  300°C.  If  -1-6V  is  applied  to 
the  substrate  then  V(,.5uj,=  -IV  for  which  the  leakage  current  reduces  to  a  near-zero, 
negligible  value.  Figure  2  shows  the  variation  of  output  or  drain  conductance  (Gq)  with 
substrate  bias  at  300 °C  for  a  20x3  //m  MESFET.  Typical  geometries  tested  ranged 
from  20x1  to  10x3//m.  From  Figure  2  it  is  clearly  seen  that  the  -I-6V  substrate  bias 
produces  the  lowest  G^,  or  the  highest  value  at  300°C  which  is  comparable  or  better 
than  the  room  temperature  value.  These  results  are  well  explained  elsewhere  [3]. 

HIGH  FREQUENCY  RESULTS: 

Figure  3  shows  the  effect  of  elevated  temperatures  and  HTET  on  the  magnitude 
of  the  high  frequency  gain  or  forward  transmission  coefficient  {S21)  of  a  HEMT.  At  1 00 
MHz  and  at  an  ambient  temperature  of  220°C  the  gain  increased  by  1.15  dB  from 
what  it  was  at  the  same  temperature  without  using  the  HTET.  But,  as  seen  from  Figure 
3,  the  gain  is  still  lower  than  the  room  temperature  gain. 
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This  is  due  to  the  fact  that  HTET  helps  to  reduce  the  leakage  currents  which 
increases  Rq  which  in  turn  leads  to  a  partial  increase  in  the  gain  at  elevated 
temperatures.  However,  HTET  has  no  effect  on  the  gain  decrease  related  to  the 
electron  mobility  and  saturation  velocity.  Since  HTET  increases  the  breakdown  voltage 
at  elevated  temperatures,  devices  can  be  operated  at  higher  gate  biases  at  elevated 
temperatures  to  achieve  similar  gain  levels  to  that  of  room  temperature  on  the 
application  of  the  HTET.  This  effect  is  shown  in  Figure  4.  The  bottom  line  is  the  gain 
{S21)  at  210°C  without  HTET,  the  middle  line  is  for  room  temperature  and  the  line  on 
the  top  is  the  gain  at  21 0°C  with  the  HTET  applied  and  gate  bias  increased.  From  this 
figure  it  is  evident  that  HEMTs  and  MESFETs  can  achieve  equal  or  even  higher  gain 
than  room  temperature  gain  at  210°C  with  the  HTET  applied. 

The  HTET  technique  has  been  shown  to  stabilize  the  low/high  frequency 
performance  of  various  GaAs  based  devices.  Experiments  were  performed  on  various 
devices  which  represent  different  geometries,  processes,  and  foundries.  Therefore,  the 
results  produced  by  the  HTET  are  generic  in  nature.  The  HTET  technique  has  already 
been  applied  to  stabilize  the  performance  of  digital  inverters  upto  300°  C  (4).  Currently 
research  is  going  on  to  develop  enhanced  thermally  stable  Schottky  and  ohmic 
contacts  and  high  performance  digital  circuits  which  will  also  be  presented. 
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Figure  1 .  Drain  to  substrate  leakage  current  as  a  function  of  drain  to  substrate  voltage, 
note;  when  drain  voltage  is  greater  than  the  substrate  voltage,  appreciable  leakage 
current  is  present. 


Figure  2.  Output  conductance  (Gg)  vs.  substrate  voltage  {Vs(,)  at  300°  C  for  20x3 //m 
MESFET. 
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Figure  3.  Effect  of  substrate  bias  and  elevated  temperature  on  the  gain  (S21)  of  a 
HEMT. 
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Figure  4.  Effect  of  substrate  bias  and  gate  bias  variation  on  the  gain. 
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Introduction 


®  programming  method  of  the  EPROM  and  flash 
EEPROM  which  utilizes  the  channel  bipolar  transistor  (n*-source/p-sub/n*-drain).  As  the 
size  of  EPROM  and  flash  EEPROM  shrinks  down  beiow  half-micron  for  high  density  and 
ow  voltage  applications,  the  channel  bipolar  transistor  action  becomes  more  pronounced 
when  the  source  is  negatively  biased  [1],  We  use  this  naturally  formed  bipolar  transistor 
as  an  emitter  of  hot  electrons  to  program  the  EPROM  and  flash  EEPROM  instead  of 
electron  (CHE)  programming  method.  The  advantage  of  this  method 
IS  that  the  EPROM  and  flash  EEPROM  can  be  programmed  at  lower  voltages  as  well  as 
higher  speed. 


Results  and  Discussion 


ircDDrM.7°*  ^®™']ptrate  our  proposed  programming  method  we  used  a  single-poly 
EEPROM  fabncated  by  0.8  fim  standard  CMOS  process  [2].  Fig.  1  shows  the  cr^s 
section  of  the  single-poly  EEPROM.  The  p7n*  diffused  layers  in  the  n-well  are  used  for 
i^®*®  ^®  P°lysiiicon  layer  is  used  for  the  floating  gate.  Note  that  the 

p  -diffused  layer  in  the  n-well  increases  the  coupling  ratio  during  programming.  This  cell 
can  be  programmed  by  the  CHE  method  or  our  proposed  method  For  the  CHE 
programming  method  we  typically  apply  Vs=0V,  Vd=6V,  Vcg=12V.  With  high  drain  voltage 
the  honzontel  electnc  field  near  the  drain  junction  increases  and  hence  generates  hot 
electrons  are  injected  into  the  floating  gate  by  aided  vertical  electric 
field.  For  our  proposed  bipolar  programming  method  we  apply  Vs=-1.5V,  Vd=4V,  Vcg=10V. 
In  this  case,  channel  electrons  are  horizontally  injected  by  fon/vard-bias^  source-channel 
junction  and  getting  hot  due  to  high  electric  field  near  the  drain  junction.  The  control  gate 
attracts  these  hot  electrons. 

The  characteristics  of  the  channel  bipolar  transistor  are  shown  in  Fig.  2-5  The 
gummel  Plot^  the  channel  bipolar  transistor  in  Fig.  2  shows  that  the  dc  gain  is  very 
high  (over  lOOT)  at  low  source  voltage  due  to  the  presence  of  the  gate  electrode  but 

'^'9.  3.  With  the  application  of  control’ gate 
witage  the  MOS  channel  current  adds  to  the  bipolar  collector  (drain)  current  and  thereby 

w  5  shows  Id-Vds  characteristics 

for  Vs=0V  (MOS)  and  Vs=-1.5V  (MOS+bipolar). 

one-shot  programming  characteristics  for  the  CHE  method  and  bipolar 
method  with  the  substrate  current  are  shown  in  Fig.  6.  For  the  CHE  method  the  cell  is 
programme  at  Vo-  5.5V  and  the  substrate  current  is  almost  negligible.  For  our  proposed 
b  polar  method  the  dram  current  is  already  flowing  at  Vd=0V  due  to  the  bipolar  action  and 
slowly  increases  with  the  increase  of  Vo.  The  cell  is  now  programmed  at  Vd=~3.5V  and 
the  substrate  current  is  about  1mA.  If  we  compare  the  power  consumption  during 
programn^ng  to  achieve  same  Vt  shift,  the  bipolar  method  consumes  less  power. 

7  t,  Characteristics  of  the  cell  are  compared  between  two  methods.  Fig. 

thot  F  ^  ®  function  of  control  gate  voltage  for  two  methods,  it  indicates 

programming  method  requires  smaller  control  gate  voltage  compared  to 
^  iTiethod.  Fig.  8  shows  the  Vt  shift  as  a  function  of  drain  voltage  for  two 
methods.  In  case  of  the  CHE  programming  method  the  drain  voltage  of  ~5.5V  is  required 
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to  get  Vt=~7.5V,  but  for  the  bipolar  programming  method  the  drain  voltage  of  only  ~ 
3.5V  is  required  to  get  same  Vt.  Fig.  9  shows  the  Vt  shift  as  a  function  of  source 
voltage.  This  figure  reveals  that  at  least  source  voltage  of  -1.1V  is  required  to  program 
the  cell  above  Vt=7V.  Finally  the  programming  speed  of  two  methods  is  compared  in 
Fig.  10.  The  same  control  gate  voltage  and  about  same  drain-source  voltage  are  applied 
for  two  methods.  The  programming  speed  for  our  bipolar  programming  method  is  about 
10  times  faster  than  that  of  the  conventional  CHE  method. 


Summary 

We  proposed  the  bipolar  programming  method  of  the  EPROM  and  flash 
EEPROM  replacing  the  CHE  method.  This  method  requires  lower  control  gate  voltage  (~ 
10V)  and  lower  drain  voltage  (—3.5V).  Also  the  programming  speed  of  this  method  is 
about  10  times  faster  than  that  of  the  CHE  method. 
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Fig.  1.  Cross  section  of  the  single-poly 
EEPROM  used  to  verify  our  proposed  bipolar 
programming  method. 
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Fig.  6.  One-shot  programming  characteristics  for 
the  CHE  method  (Vs=0V)  and  proposed  bipolar 
method  (Vs=-1.5V).  Vcx3=12V. 
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Fig.  7.  Threshold  voltage  shift  versus  control 
gate  voltages  for  the  CHE  method  and  bipolar 
method. 
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Fig.  8.  Threshold  voltage  shift  versus  drain 
voltages  for  the  CHE  method  and  bipolar 
method. 
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Fig.  9.  Threshold  voltage  shift  versus  source 
voltages  for  bipolar  method. 


Fig.  10.  Threshold  voltage  shift  versus 
programming  time  for  the  CHE  method  and 
bipolar  method. 
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Abstract.  Ihe  results  of  con^slex  investigations 
of  new  hetero structures  p-pbS-p-PIg^.  Gd^e  v:p0*2; 
0.4)5  which  were  obtained  by  low-t4^er^ture 
E)  MBS  technology,  sre  presented. 

1  .Introduction.  The  narrow-band  semiconductors, 
such. as  lead  sulphide  and  solid  solutions  EgCdle,  axe 
good  studied  and  their  properties  are  presented  in 
hundr^s  of  various  worhs.  But  the  investigation  of 
these  narrow-band  gap  materials  contacts  gives  possib¬ 
ility  to  examine  new  physical  processes,  which  are 
realizing  in  such  hetero structures,  and  in  the  same 
time  these  structures  ere  useful  for  different  devic¬ 
es  modelling. 

So  we  present  at  the  first  time  the  results  of 
p-pbS-p-EgCdle  heterostructures  study. 

2 . Exp er j-m ent al .  p-PbS  films  were  grown  in  a  home¬ 
made  MBE  system.  Ihe’  growth  was  monitoring  with  refl¬ 
ection  high  energy  electron  diffraction.  Growth  rates 
v/ere  ranged  from  0.05  -  0.1  //  m/hr  and  substrate 
temperature  was  about  5^40  E.  Mono  crystalline  p-Bg^__ 
Gd^e  (2s=0.2,  0.4)  vi;as  used  as  a  substrate.  PbS  f  ilm 
thtcimess  was  in  range  1  -  m.  Ihe  cagj*rier_^oncentr- 
ation  was  determined  to  be  about  4. 5)<-l0  cm""^  e^nd 

Hall  mobility  was  80C0  cm  /V*s  at  77  E.  Surface  morf- 
ology  was  examined  by  lEM  and  Auger-spectroscopy. 

The  main  electrophysical  (l-Y  and  C-7)  measuxem- 
ents  were  realized  in  temperature  range  77-295'  E  . 

Phis  study  showed  the  heterostructures  p-phS-p-Hg^  0 
Gdp  2^e  were  abrupt  hetero  jimct ions  [1]  , 

^•phe  I-Y  characteristics  of  new  heterostructnre 


p-PbS-p-Eg„  gCd^  ^le  are  plotted  on  Pig.1.  Phey  appear 
as  -exponential  rtmctions  with  two  sections  in  all 
teif^erature  range.  Ihe  detail  study  of  carrier  transp¬ 
ort  processes  in  these  heterostructures  allows  to 
suggest  the  following  approxims^tion  of  1-7  curves : 


.l2=dsKI!/(eY^  -  ,  (2) 


where  j  is  a  saturation  current,  e  is  an  elemental 
charge,  is  a  diffusiai  potential,  is  an  applied 
voltage,  Egg  is  an  energy  of  hetero interface  electron 
states,  and  are  the  non-ideality  factors  of  first 
and  second  sections  of  1-7-  characteristic. 

The  G-7  -measurements  of  this  heterostructure 


revealed  spme  peculiarities  which  are  caned  Mott’s 
plateau’s  (pig.2),  ihe  ''b"-section  is  existing  only 
at  270-295  E  and  it’s  degenerating  to  a  point  at 
temperature  decreasing. 

5.  Results.  Ihe  bard  diagram  is  built  according 
Anderson-Cervery-I.iou  model  [2-^]  ,  It’s  nesessary 
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to  determine  tlie  v&lence  band  A E  and  conduction  bend 
A  S  discontinuities.  It  is  kno^  that  AIL  end  A 
are^inding  by  the  rool  • 

6Eg=  ■  (5; 

So  we  determined  AE„  from  C-V-measurenents  according 
_  c 

tpJ.  We  had  the  set  of  equations  for  voltages  and 
V- : 

-  2  [  7'  (  4  -  4  r  3  ,  (4) 

72  =  7a'  -  7^  +  A  Ea  +  )£,  (5) 

where  7|  =2S'eu^s~/£y  is  oerrier  oonoentratlor 

of  lead  sulphide  film,  ^  is  a  thickness  and  6^  is 
dielectrical  constant  of  PbS),  7.  is  diffusiai  potent¬ 
ial  ,  a  seK^^,  K  „  is  charge  derects  concentration, 

(45re'^H2/  TJ,=2  reH^aV  ,  and  iT^, 

£;»,are  carrier  concentration  and  dielectricai  const¬ 
ant  of  Hg-  -Cd„  ,,le.  So  the  value  of  Zi  B _  is  consiat- 

^C.b  O'*  4  c 

ini.  of  110  me7,  I  =  290  E. 

'I' he  current  mechanism  in  these  hetero structures 
is  following;'  tunneling-recombination  current  is  dom¬ 
inated  atforward  voltage  10-500  met"  and  diffusion 
current  is  dominated  at  the  increasinp’  of  forward 
voltage  up  to  1*5  V,  We  sucmest  that  this  current  mech¬ 
anism  is  reaiizine  due  to  presence  of  sufficient  numb¬ 
er  of  heterointerface  electron  states  with  ehergy 
=254  me7.  This  value  Vi/as  calculated  on  C-Y-measurem- 
ents  basis. 

The  full  hetero interface  electron  states '  chsro-e 
is  a  sum  of  the  charges  and  which 


arising  on  both  sides  of 


hetero  nun coion: 


the  capacitance  of  space  charge  region  is  determ- 

°SE=  "■  (7) 

where  1=1,2;  (s) 

7ee=^ee'-’  5i=2enJ  (p/nj)-''^ezp(7g^^) ,  (S) 

here  n  is  an  intrinsic  carrier  concentration  of  both 
0 

heterocomponents,  is  Debay  length,  p.  is  doping 

impurity  concentration,  ^ter  uhe  mathematical  transf¬ 
ormations  we  found  E^^  is  determined  by  the  espression 

^'e  ate/e)ir  _  .Cio) 

The  band  diagram  of  p-EbS-p— HgQ^gOdQ^^Te  hetero- 
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structure  is  plottea  in  PigoO. 

■Ihese  results  sho^i/ed  that  the  full  electron  states 
ehaxge  on  hetero interface  is  stored  durint?  5  yeaxs 
T/ithout  cigp_ificant  alterations  and  these  heterostruct- 
ures  would  be  a  base  for  operative  rrie^oTj  devices  ^an- 
uf  acturing. 
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1 .  Introduction.  The  propagation  of  superfast  impact 
ionization  front  (IIF,  >  v  ,  -  the  saturation  drift 
velocity)  is  the  fastest  of  presently  known  mechanisms  for 
diode  switching.  This  phenomenon  being  originally  observed 
for  low  voltage  Ge  TRAPATT  diodes  [1]  also  occurs  in  high 
voltage  Si  [2]  and  GaAs  structures  [3].  It  has  formed  the 
basis  of  powerful  nanosecond  diode  peakers  performance  [4] 
and  appears  to  have  considerable  promise  in  laser 
applications  [5].  For  large  area  structures  the  still 
\msolved  problem  of  I IF  transverse  stability  and  realistic  3D 
dynamics  takes  on  major  importance.  In  the  present  work  we 
develop  an  analytical  approach  to  the  stability  problem 
providing  as  well  the  qualitative  description  of 
nonhomogeneous  d3mamics  of  large  area  I IF. 

2.  Transverse  stability.  The  stability  analysis  is  based 
on  the  following  front  propagation  model  [6,7] 

(1,2)  x=  — j[u,  x(r^)j,  u  =  V-  (^qN^RS  <x>  j  . 

Here  u  is  the  voltage  applied  to  the  diode,  S,  V,  R  denote 
the  area  of  the  structure,  e.m.f.  of  the  power  source  and 
external  load  respectively;  angle  brackets  denote  the  average 
value  over  the  device  area. 

According  to  (1,2)  the  growth  of  long-wavelength 
fluctuations  (X  >  W,  fig.l)  is  an  inherent  feature  of  planar 
IIF  dynamics  [8]:  as  the  front  length  1^  increases  in  the  the 
leading  part  of  the  wave  but  reduces  in  the  lagging  part  the 
difference  in  velocities  and  ai'ises  and  lead  to  the 
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further  development  of  transversal  fluctuation.  In  actual 
practice  IIF  behavior  is  determined  by  the  relation  between 
the  characteristic  time  of  instability  t  which  depends 

w 

dramatically  on  specific  field  profile  E(x)  [6,8]  and  the 

total  time  of  IIF  passage  t  ~  W/v^.  Low  fluctuation 

increments  take  place  if  E  »  E(W) .  In  the  contrary,  when 

a. 

E(W)  ~  E^  the  wave  stratif icates  rapidly.  The  waves  in  long 
base  diodes  (W  >  |^2^£?/uj  )  are  expected  to  be  quasi  stable. 

The  instability  eventually  leads  to  the  formation  of 
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several  local  switching  channels  (LSC)  or  even  a  single  one. 
The  minimum  transverse  dimension  of  LSC  and  current  per 
channel  can  be  estimated  as 

(3,4)  r^.  (W  -  x^)  ~  W,  J  =  r2qNi'  IttFu/E  P 

mxn  a  max  sj  v,  O-J 

3.  Nonhomogeneous  dynamics.  For  the  purpose  of  describing 
nonhomo gene ous  wave  dynamics  we  treat  the  problem  in  terms  of 
the  front  area  distribution  function  over  the  longitudinal 
coordinate  D(x,t):  D(x',t)  is  a  part  of  device  area  where  x^ 
>  >  x'.  According  to  (1,2)  for  the  linearized  dependence 
j(u,x)  the  evolution  of  the  distribution  is  ruled  by  the 
following  equations  [6,7] 

d  D(x,t)  +  X  (x  -  X*)  d  D(x,t)  =  0,  X  >  x*, 

X/  X 

(5)  d.D(x,t)  =0,  X  <  x^, 

X  =  -  -  +  £  J  D(x,t)dx,  X  >  0. 

X  * 

X 

si  ■)  * 

(6)  dD(x,t)  +  X  +  X  -  - <x>  9  D(x,t)  =  0,  kx^  =  0. 

'  1+^  J  "  J 

Coefficients  X,£,-t;  are  determined  by  structure  and  external 

circuit  parameters.  Eqns  (5,6)  have  been  solved  analytically 

for  all  possible  modes  of  the  I IF  propagation  and  arbitrary 

initial  distribution  D(x,0)  [6,7].  The  qualitative  pictures 

of  I IF  dynamics  for  small  and  large  initial  dispersion  of  its 

position  are  presented  in  Fig. 2  (cases  a  and  b  respectively, 

D(x,0)  is  assumed  to  be  linear).  Behind  the  freezing  front 

(FF)  X  =  X  there  is  no  wave  propagation,  t  corresponds  to 

s 

the  origin  of  the  FF. 

4.  Conclusion.  The  instability  of  the  large  area  IIF  is 
due  to  the  long-wavelength  mechanism  which  is  caused  by  the 
interaction  of  front  regions  through  the  external  circuit. 
The  front  propagation  is  accompanied  by  exponentially  fast 
growth  of  initial  dispersion  of  its  position  which  may  lead 
to  the  termination  of  the  propagation  process  on  the  part  of 
the  device  area.  The  degree  of  switching  inhomogeneity 
decreases  with  load  resistance,  device  area,  impact 
ionization  coefficients  and  threshold  field  increase  and 
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applied  voltage  decreases. 

The  short  wave  length  enhancement  of  electrical  field  at 
nonuniformitities  of  small  radious  becomes  significant  on  the 
stage  of  LSC  formation  and  limits  reducing  of  its  radios  at 
the  value  close  to  the  n-base  thickness  W.  As  r, ~  W  the 
field  enhancement  near  the  LSC  head  is  insignificant  and  so 
the  streamer  discharge  mechanism  does  not  make 
essential  contribution  to  the  LSC  propagation.  Although  the 
LSC  and  streamer  discharge  are  similar  in  appearance,  the 
mechanism  of  LSC  propagation  remains  mostly  the  same  as  for 
planar  I IF. 

The  present  consideration  o'ustifies  the  empirical 
reliability  criterion  [9]  of  Si  diode  peakers  performance 
which  demands  the  existence  of  a  neutral  undepleted  region  in 

r  1 1/2 

the  n-base  when  the  wave  starts:  W  >  .  It  also 

agrees  with  the  results  of  direct  observation  of  local  [10] 
and  homogeneous  [5]  switching  of  GaAs  diodes. 
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Major  efforts  have  recently  been  devoted  to  the  investigations  new  sources  of  highly 
polarized  electrons.  Spin-polarized  electron  beams  have  numerous  applira-tinTiti?  in  modem 
physics^.  In  solid-state  physics  the  studies  of  the  magnetic  properties  of  the  subatomic 
layers  and  nanosandwiches  has  become  possible^.  Li  atomic  physics  the  experiments  on 
the  spin-dependent  inelastic  scattering  of  electrons  with  atoms  come  now  to  be  an  area 
of  active  studies’.  In  hi^  energy  physics  the  observation  of  the  parity  violation  in  the 
inelastic  electron  scattering*  and  the  Weinberg  angle  measurements’  show  potential  role 
of  the  polaaized  electron  beams. 

In  the  experiments  using  polarized  electrons  to  ensure  high  sensitivities  a  source  whidi 
gives  as  large  an  electron  current  as  possible  and  as  high  a  polarization  as  possible  is 
required.  During  last  three  years  two  efficient  wa}^  to  obtain  very  high  polarization 
were  experimentally  demonstrated.  One  of  them  is  to  employ  semiconductor  structures 
activated  to  negative— electron— affimty  with  strained  thin  filirig  when  the  lattice  mismatch 
generates  substantial  stress  in  the  overlayer.  The  stress  lifts  the  orbital  degeneracy  of  the 
P3/2  multiplet  at  the  valence  band  maxirmun.  A  lattice  mismatch  of  typic^y  1%  results 
in  a  splitting  of  the  heavy  and  light  valence  band  states  by  about  0.05  eV.  The  optical 
excitation  of  a  single  band  transition  by  circularly  polarized  light  leads  potentially  to  100% 
polarization  of  the  emitted  electrons.  With  GaAs  strained  overlayers  on  Ga  —  P^Asi-x 
substrates  polarization  up  to  P  =  90%  has  been  achieved*,^  .  A  workable  alternatives  to 
the  strained  layer  polarized  electron  sources  (PES)  make  short-period  (Al,  Ga)As  —  GaAs 
superlattices  (SL)  in  which  the  splitting  of  the  valence  band  levels  is  imposed  by  the  hole 
confinement  in  quantum  wells.  Then,  further  enhancement  of  the  polarization  r.a.n  be 
obtained  using  strained-layer  SL-bsused  PES*. 

Besides  the  polarization,  the  main  problem  remains  to  obtain  hi^  quantum  effi- 
ciency(QE).  Ihe  QE  limitation  in  the  strained  layer  PES  comes  from  two  physical  reasons. 
First,  the  lattice  strain  in  the  strained  layer  PES  can  be  maintained  only  in  sufficiently 
thin  layers.  Though  the  calculated  critical  thickness  is  as  small  as  12  nm,  ^e  layers  of  150 
nm  thickness  have  usually  enough  residual  strain  for  PES  fabrication.  Since  this  dimen¬ 
sion  is  still  far  less  than  the  escape  depth  of  the  electrons  &om  the  bulk  n^ative  dectron 
affimty  photocathodes  -  e.g.  CsO-activated  GaAs  -  the  quantum  yield  is  significantly 
reduced.  Second,  the  optical  excitation  of  a  single  band  transition  near  the  edge  of  the 
band  gap  where  the  density  of  states  is  very  low  results  in  small  absorption  in  the  active 
layer. 

In  the  SL-based  PES  the  thickness  of  the  active  layer  is  not  restricted  by  critical 
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thickness.  Nevertheless  the  electrons  escape  depth  is  rather  small,  however,  as  a  result 
of  the  inevitable  necessity  for  the  electrons  to  tunnel  through  the  SL  banders.  This  leads 
to  electron  depolarization  and  losses  during  their  diffusion  to  the  surface.  As  a  result  the 
quantum  yield  is  still  less  than  0.15  %  for  the  polarization  of  about  70 

Recaitly  semiconductor  alloys  exhibiting  spontaneous  superlattice  (SSL)  ordering  were 
proposed  as  possible  candidates  for  P£S‘.  Most  experimental  and  theoretical  studies  of 
SSL  are  reported  for  InxGai_x  —  P  alleys  with  x  «  0.5.  These  alloys  have  rather  low 
electron  mobility  and  the  largest  ordering  induced  valence  band  splitting  observed  by 
now  is  less  than  40  meV  which  does  not  seem  to  be  sufficient  for  effective  PES. 

The  pmpose  of  this  paper  is  to  suggest  the  use  of  InxGai_xP  —  AlyGai_yAs  super¬ 
lattices  to  achieve  small  height  of  the  electron  barriers  and  large  valence  band  splitting 
appropriate  for  the  effective  polarized  electron  emission.  Good  quality  LixGai-xP  —  GaAs 
quantum  well  structures  and  SL  have  already  been  obtained  ly  gas  source  and  metaUoor- 
ganic  molecular  beam  epitajy^". 

The  main  advantage  of  the  SL  comes  from  the  band  line-up  between  the  semiconductor 
layers  of  SL.  In  the  case  of  (Ga,  Al) As  —  GaAs  the  ratio  of  the  conduction-band  offiiet 
AJSc  to  the  valence-band  offset  AB„  is  AEc/AE„  «  2,  while  in  the  InxGai_xP  —  GaAs 
heterostructures  the  value  is  close  to  0.4^°.  As  a  result  of  the  conduction-band  line  up, 
the  barriers  for  the  electrons  in  the  short-period  SL  are  transparent  and  the  along-the 
axis  electron  effective  mass  is  small.  At  the  same  time  sufficiently  large  hole-miniband 
splitting  can  be  obtained.  The  small  addition  of  Al  to  the  well  composition  is  to  make 
the  band  structure  less  sensitive  to  the  parameters  of  the  structure.  Finally,  as  a  result 
of  larger  valence  band  splitting  the  optical  absorption  coefficient  can  be  large  enough  in 
this  case. 

The  parameters  of  the  SL-based  PES  can  be  optimized  treating  the  superlattice  as  an 
artificial  bulk  material,  and  applying  for  the  PES  analysis  a  diffusion  model. 

For  the  spin  asymmetry  experiment  applications  the  efficiency  of  the  PES  is  measured 
by  the  product  PP  where  I  is  emitted  current.  The  analysis  of  the  limitations  of  the 
excitation  power  due  to  nonlinearity  of  the  emission  and  the  surface  degradation  shows 
that  quantum  3deld  is  £q>propriate  quantity  for  PES  characterisation.  In  the  framework 
of  the  diffusion  model  quantum  yield  Y  of  the  semiinfinite  layer  is  given  by 

Y  =  B(1  —  R)aL/(l  +  aL),  where  B  is  provability  of  the  electron  emission  from  the 
band  bending  region  into  vaxnium,  a  is  absorption  coefficient,  L  is  diffusion  length  L  = 
v^,  r  is  the  electron  lifetime  and  D  is  diffusion  coefficient  for  the  electrons,  R  is  the 
light  reflection  coefficient. 

Hie  emitted  electron  polarization  can  be  expressed  as  follows 


P  =  Po(M 


(1  •+■  onL) 

(1  -I-  7-/ra)V2)[(l  +  TlT^yi^  •+•  OrL]  ’ 


E)q.(l)  is  obtained  in  the  assumption  of  the  absence  of  the  electron  depolarization  at 
the  surface.  In  Eq.(l)  P(i{huj)  is  the  electron  polarization  at  the  moment  of  the  excitation, 
Tg  is  the  spin  relaxation  time. 
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The  estimai;es  of  K  and  P  are  baaed  on  the  electronic  band  structure,  effective  majag 
and  absoiption  coefficient  calculations.  The  SL  electron  and  hole  subband  spectrum  has 
been  calculated  using  the  envelope-function  approximation,  in  the  framework  of  the  Kane 
model  including  the  conduction  band  Fe,  and  the  states  of  light  and  heavy  holes  of  the 
valence  band  Fg^^.  The  conduction  and  valence  band  offiets  were  diosen  as  follows.  The 
photorefiectance  e3q>eriments  on  the  multii^e  quantum  well  structures  with  GaAs  wells 
separated  by  In^Gai-xP  barriers  3rielded  a  value  for  the  conduction  band  ofBset  AJE?c  = 
130  meV  for  x=0.55  at  low  temperatures.  The  results  of  the  interpolation  procedure 
proposed  by  Knjn^^  give  values  which  are  very  close  to  experimental  values  for  InGaAsP 
and  InAlGaAs  systems  for  both  low  and  room  temperatmes.  Therefore  we  follow  the^ 
interpolation  scheme. 

In  Fig  1.  the  assmned  relative  energy  positions  of  the  band  edges  of  the  InxGai_xP  - 
GaAs  and  ti^Gai-^P  —  AIyGai_yAs  for  the  matdied  SL  are  shown.  The  effects  of  the 
internal  strain  on  the  valence  band  offsets  are  incorporated  by  assiimiTig  the  center 
of  the  strain-split  valence  bands  coincides  with  unstrained  valence  bands. 

The  dependence  of  the  positions  of  the  miniband  edges  for  the  SL  with  the  well 
material  thickness  di  and  barrier  material  thidmess  ^2  at  Q  =  0  and  &tQ  =  ir/d  ,  where 
Q  is  the  momentum  component  along  the  SL  axis  and  d  =  di-\-d2  was  ralmUtpH  as  a 
function  of  well  thickness  for  y  =  0  and  for  y  =  0.2.  A  particularly  important  feature 
of  the  energy  band  structure  is  large  energy  dispersion  of  the  electron  subband  along 
the  growth  axis.  This  large  energy  dispersion  occurs  because  the  SL  barriers  are  low 
and  transparent.  The  other  unportant  feature  is  large  distance  between  the  upper  hole 
minibands,  whidi  provide  high  electron  polarization  and  the  single  band  absorption.  The 
trani^rt  properties  of  the  electrons  were  calculated  using  the  electron  effective  masses. 
The  masses  were  determined  both  &om  the  energy  dispersion  curves  and  uriTig  analytical 
expressions'*  and  were  found  to  be  nearly  isotropic:  mji/m  =  0.095,  m^/m  =  0.075  , 
for  SL  with  y  =  0  and  m|/m  =  0.117,  ml/m  =  0.090  ,for  SL  with  y  =  0.2  .  Since  the 
electron  mobility  is  predicted  to  be  as  lai^e  as  in  the  biilk  InxGai_xP  composition,  the  QE 
is  predicted  to  be  the  same  as  from  the  bulk  LixGai-xP  at  the  equal  absosrption  excitation 
energy.  The  absorption  coefficient  of  the  SL  was  calculated  in  the  region  were  only  the  first 
heavy-hole  to  the  first  conduction  band  transitions  contribute  to  it  using  optical  matrix 
elements  and  the  effective  masses  of  the  SL.  The  calculations  demonstrate  that  close  to  the 
threshold  the  absorption  is  larger  than  in  the  strained  layer  PES  or  superlattices  on  the 
base  of  GaAs  as  a  result  of  wider  band  gap  (all  the  effective  masses  are  larger)  and  larger 
subband  splitting.  Then,  the  electron  depolarization  in  the  considered  SL  is  predicted  to 
be  smaller  than  in  AlyGai_yAs  SL,  also  as  a  result  of  smaller  barriers  for  the  electrons. 

Note  that  the  thickness  of  the  SL  have  no  severe  limitations  since  the  layer  mismatch  is 
small.  Finally,  the  InxGai_xP  surface  is  reported  to  be  better  activated  than  AlyGai_yAs 
that  imposes  the  choice  of  the  last  layer. 

Overall,  we  predict  that  the  electronic  and  the  optical  properties  of  InxGai_xP  — 
AlyGai_y  As  strained  layer  superlattices  with  x  «  0.5 — 06  and  y  «  0 — 0.2  are  expected  to 
have  superior  properties  for  ^in-polarized  electron  emission  applications  than  commonly 
used  stressed  thin  films  and  AlGaAs-based  superlattices. 
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The  pos^biUty  of  chaotic  osdUations'  emission  using  semiconductor 
devices  with  Negative  D^erential  Conductivity  (NDC)  is  demonstrated  by 
modeling  tite  ciraats  containing  T\tnnel  Diodes  and  (hum  INodes  -  some  of 
the  most  important  h^h-^eed  NDC  devices.  A  ample  rule  for  evaluation 
the  circuit  parameters  providing  chaotic  osdUations  witit  N-  or  S-type 
NDC  devices  has  been  suggested.  The  results  obtained  are  in  actual 
practice  in^ortant  for  tite  generation  of  high-fivquency  and  microwave 
chaotic  oscillations. 


Introduction 

Chaotic  oscillations  [1,  2]  have  attracted  much  attention  in  recent  years.  That 
was  caused  not  only  by  a  purely  scientific  view  of  this  uncommon  dynamic  problem 
[3],  but  also  by  extremely  promising  practical  applications  such  as  secure 
communication  systems,  radars,  image  recognition,  sound  ^the^,  artificial 
memory  [4],  brain  investigations  [5],  medicine  [6]  and  so  oil  Hundreds  of 
publications  concerning  both  theoretic^  and  experimental  treatment  of  electrical 
chaotic  oscillations  appeared  during  the  last  10  -  15  years  [7,8]. 

Nonlinearity  is  of  basic  importance  for  chaotic  oscillations.  In  theoretical 
studies  the  nonlinear  terms  appear  in  differential  equations  describing  the  sy^em; 
under  eiqierimental  conditions  it  is  simulated  by  electric  circuits  with  operational 
amplifiers,  diodes,  transistors,  and  R,  L,  C  components. 

Analyzing  numerous  papers  devoted  to  chaotic  oscillation  investigations,  one 
can  see  that  in  most  cases  (excluding  systems  with  explicit  delays)  the  necessary 
nonlinearity  is  equivalent  to  incorporating  an  element  with  NDC  into  the  oscillatory 
circuit.  In  some  cases  the  necessity  of  NDC  element  is  pointed  out  explicitly,  in 
others  it  follows  from  the  analysis  of  the  circuit  equations. 

On  the  other  hand  it  is  weU  known  that  the  effect  of  NDC  is  an  essential 
feature  of  a  large  variety  of  semiconductor  devices,  many  of  them  exhibiting  the 
NDC  properties  up  to  very  high  frequencies,  including  microwaves,  and  in  large 
intervals  of  the  voltage,  currem  and  temperature.  That  is  why  it  seems  rery 
interesting  and  important  to  prove  the  possibility  and  to  study  the  conditions  of 
chaotic  oscillations  excitation  in  circuits  which  include  semiconductor  devices  with 
NDC,  mainly  those  woiidng  on  high  frequencies.  Chaotic  relaxation  oscillations  in  a 
circuit  with  two  tunnel  diodes  were  studied  in  [9].  Here  more  general  ^rproach  is 
proposed. 


Results  and  Discussion 

The  N-type  elements  were  investigated  in  the  circuit  shown  in  Rg.1.  This 
circuit  can  be  e^y  implemented  as  a  printed  microwave  IC.  Besides,  it  incorporates 
the  diode’s  equivalent  circuit  containing  parallel  junction  capacitance.  The  non¬ 
linearity  is  represented  by  specific  I(U)  curve  of  active  element  N.  VWth  the  use  of 
dimensionless  variables  z=fi>2t;  <»2=1/V(LC2);  q=R/«02L;  the  ciicuit 

can  be  described  by  the  following  system  of  equations: 
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(1) 


Fig.1.  Electrical  circuit  for 
modelling  chaotic  oscillatioDs 
with  N-lype  devices 


^  =  [U,-U,-Ri(U,)I/q; 

dz 

^  =  (Uj-U2+  Ri3)/q;  (2) 

%-  =  q(E-U,)/R;  <3) 

CL 

1110  system  (1-3)  was  studied  with  different 
i(U)  hmctioiis  representing  various  semicon¬ 
ductor  devices  with  NDC. 


The  best  known  and  most  wide¬ 
spread  example  oS  the  microwave  NDC 
(tevices  is  a  tunnel  diode.  Ea^rimental 
I(U)  curve  of  a  typical  GaAs  tunnel  diode 
[11]  is  shown  in  Fig.2  When  studying  the 
tunnel  diode  microwave  generators,  the 
diode's  I(U)  curve  is  usually  approximated 
by  cubic  polynomial  flmction.  hi  this  case 
the  system  (1-3)  can  be  reduced  to  one  de¬ 
scribed  in  [10]  where  chaotic  oscillations 
were  observed.  However,  such  an  ap¬ 
proximation  describes  the  tunnei  diode's 
I(U)  curve  only  qualitatively,  as  can  be 
seen  from  Fig.2.  So  it  cannot  prove  the 
possibility  of  chaotic  oscillations  with  a  real  device,  because  the  nonlinear  behavior 
of  the  circuit  is  extremely  senritive  to  specific  shape  of  nonlinear  I(U)  curve.  That  is 
why  we  investigated  the  circuit  with  a  tuimel  diode  using  more  accurate  approxima¬ 
tions.  Fig.2  i^ows  "classacal”  3-eiqxmential  tunnel  diode  I(U)  curve  [11]  together 
with  the  7th  order  polynomial  approximation.  The  behavior  of  the  syst^  (1-3)  was 
studied  for  the  above  mentioned  afproximations  (and  for  scrnie  others  as  well)  and 
we  have  found  that  the  results  do  not  depend  sdgi^cantly  on  a  ipedfic  method  of 
describing  the  eiqjerimental  curve. 

Several  operating  r^imes  have  been  found  which  allow  the  chaotic 
oscillations  with  a  tuimel  diode.  Fig.  3  itiiows  phase  diagram  (a)  and  spectrum  (b)  for 
one  corresponding  to  cperating  point  Uo^.24  B,  lo=18  mA  and  the  circuit 
parameters  C2i=9.0;  q=3.7;  R=0.026k.  The  presence  of  chaotic  dynamics  was 
verified  visually  from  the  attractor  form  in  the  phase  diagram.  Since  the  presence  of 
continuous  sd^ial  pectium  is  also  a  good  indirect  criterion  of  chaotidty  [1],  we 
computed  the  volta^  spectrum  in  all  cases.  As  it  is  cleariy  seen  from  Fig.3,b  the 
oscillations  have  a  tyincal  continuous  spectrum  as  cpposed  to  a  discrete  plectrum  of 
periodic  oscillations. 

Die  problem  of  locating  the  set  of  parameters  corresponding  to  a  chadic  re¬ 
gime  is  one  of  the  most  sagnificant  land  difficult  problems  in  chaos  investigations.  As 
applied  to  semiconductor  devices  this  problem  becomes  still  more  complicated  due 
to  a  laige  scatter  of  device  parameters.  For  the  case  of  smooth  I(U)  curves  peculiar 
to  most  NDC  devices  we  have  found  a  simple  empirical  rule  allowing  to  find  the 
parameters  of  the  chaotic  regime.  Let  the  value  the  device  differential  resistance  at 
the  (perating  point  be  -Rdo-  Lef^  load  line  (Fig.  2)  intersect  the  device  I(U) 
curve  in  one  (or  both)  extreme  points.  Then  the  circuit  load  R  providing  cha^c 
oscillations  falls  within  the  approximate  ran^  of 

RdO<R<Rcr;  (4) 

Besades,  other  circuit  parameters  must  meet  an  approxiniate  condition 
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Fig.  4.  Chaotic  osdations  in  a  cfecuitwMi  the  Gunn  dode. 
(a,b)  -wav^onns;  (c,<0  -  phase  da^ams; 

{a,c):  E=35  V;  R  =  0.97  k;  q  =  2.75;  Cj,  =  5.1; 

(b.d):  E=32.3  V;  R=0^7  k;  q  =  3.70;  Cj,  =8.9; 


(5) 


CjiR  >  q^Rdo^l 

CO  being  the  basic  oscillation  frequency  (it  may  be  foxmd  e.g.  by  harmonic  balance 
method  [13]).  This  rule  gives  simple  (much  more  simple  than  one  in  [13]) 
approximate  necessary  condition  for  chaos  and  makes  a  definite  physical  sense: 
equations  (4),  (5)  corre^nd  to  the  condition  that  all  the  3  operation  points 
available  are  unk^le.  We  have  also  tested  the  validity  of  this  rule  for  numerous 
different  I(U)  curves  and  for  the  results  which  have  already  been  published. 

Chaotic  oscillations  in  a  circuit  with  a  hypothetical  InP  Gunn-effect  dicxie 
are  shown  in  Fig.  4.  Such  diodes  serve  as  powerfol  microwave  oscillators  [12].  I(U) 
curve  corresponding  to  device  active  region  length  lOji  and  to  the  uniform  electric 
field  distribution  (so-called  LSA  mode  [12]  )  is  shown  by  a  dashed  line  in  Fig.4,c,d. 
Two  essentially  different  kinds  of  oscillations  are  shown.  In  Fig.4,a,c  the  diode 
voltage  is  always  above  the  threshold  value  of  NDC  Ult-  Thus  the  circuit  does  not 
control  the  qjace  charge  growth  and  the  device  operates  in  the  Guim  domain  mode. 
Possible  types  of  diode  -  circuit  interactions  seem  to  be  very  interesting  in  this  case 
because  the  device  acts  as  a  source  of  external  rignal  in  a  chaotic  circuit  Obviously, 
more  rigorous  treatments  are  necessary  to  take  account  of  nonuniform  and  time- 
dependent  field  distribution. 

Fig.  4,b,d  represents  the  oscillation  mode  with  a  i^ace  charge  growth  fully 
controlled  by  the  voltage.  >^th  ©2  sufficiently  high  it  corresponds  to  the  most 
effective  LSA  mode  of  the  Gunn  diode  operation  providing  a  generation  up  to 
several  hundred  HGz. 

We  also  applied  the  above  method  to  some  S-type  devices  (avalanche 
transistors,  thyristors  etc.)  and  found  several  chaotic  regimes  in  the  circuit  dual  to 
one  shown  in  Rg.  1. 

To  conclude,  it  was  shown  in  this  paper  that  NDC  semiconductor  devices  can 
be  used  as  high  frequency  and  microwave  generators  of  chaotic  signals  which  have 
various  applications  in  communications  and  other  fields  of  en^neering. 

The  authors  are  grateful  to  Prof.  M.  Levinshtein  for  helpful  discussion. 
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SEMICONDUCTORS 

O.LSmimova,  Ya-EPokrovsldi,  KA-Khvalkovskii 
Institute  of  Radioengineering  &  Electronics,  Moscow  103907 


1.  INTRODUCTION 

Fast  response  of  extrinsic  photoresistors  made  from  diamond,  silicon  or  germanium 
dq>ed  with  HI  and  V  group  inq>urities  is  due  to  giant  capture  cross-sections  of 
electrons  and  holes  to  ionized  inqnirities  under  Coulomb  attraction.  At  low 
temperatures  these  cross-sections  are  much  larger  than  that  crxiesponding  to  geometric 
dimensions  of  impurity^  orbitales  in  ground  states.  As  was  shown  by  MXax  [1]  an<^ 
thm  in  a  large  number  of  papers  (see,  for  ex.,  [2]),  the  carriers  are  captured  initially  cmi 
shallow  excited  states  and  then  they  go  down  by  a  ladder  of  excited  states  with 
emission  of  acoustical  phonons.  The  model  [2]  is  based  on  the  sn^gestion  about  quasi- 
continuos  distribution  of  excited  states  and  is  in  a  good  agreement  with  experimental 
data.  It  is  possible  to  calculate  the  lifetime  t  of  photocarriers  if  the  inpurily  contents  in 
semiconductor  is  knowiL  But  the  relaxatirai  process  of  impurity  excitation  is  conpleted 
onty  after  localization  of  carrier  on  the  ground  state.  This  process  could  be  not  so  fest  if 
the  carrier  reardies  a  deep  excited  state  having  the  same  parity  as  the  ground  state.  In 
this  case  dipole  optical  transitions  between  those  states  are  feibidderL  In  diarnmnd-lilfft 
semiconductors  those  states  can  be  the  lowest  IS-  states  splitted  from  ground  state  by 
valley-orbital  interaction  fer  donors  and  spin-orbital  interaction  for  acceptors.  If  the 

lifetime  T*  of  charge  carriers  on  these  states  is  much  longer  than  that  of  free  carriers  r, 
so  the  carriers  should  be  accumulated  on  longliving  ^cited  states.  At  low  tenaperature 
and  high  concentratiori  of  inqiurities  it  leads  to  predominance  of  extrinsic  hcpping 
photoconductivity  (PC)  with  participation  of  longliving  excited  states  of  inpurities. 
Long  relaxation  time  and  strong  increase  of  photoresponse  with  tenperature  decrease 
should  be  spedfic  for  hopping  PC. 

2J)IAMOND 

Monocrystals  of  synthetic  diamond  doped  with  B  in  concentrations  N=10l^-10^^cm"3 
were  investigated.  Boron  inpurity  creates  an  accptor  level  with  ionization  energy  370 
meV.  Hopping  PC  in  diamond  predominates  in  tenperature  arid  concentration  regions 
where  the  dark  conductivity  is  also  determined  hopping  process  [3].  For  N>10l® 
cm"^  it  takes  place  at  T  <  220  K  (Fig.  la).  Typical  behavior  of  hopping  PC  through 
excited  states  is  an  exponential  increase  of  {hotoresponse  with  lowering  T.  The 
activation  energies  of  the  photoresponse  were  equal  to  170  or  130  meV  and  were 
dpendeot  on  exciting  photon  energy  hv.  Both  these  values  periodically  changed  as 
fonctions  of  hv  with  period  165  meV,  corresponding  to  energy  of  optical  pbrmrm 
Oscillations  with  the  same  period  were  also  observed  in  PC  spectra  and  were  in 
opposite  phase  in  low  and  heavy  doped  crystals.  It  points  to  t^  mdstence  of  two 
longliving  excited  states  of  boron  impurity  in  diamond  with  ioniratinn  energy  130  and 
170  meV.  At  T<90  K  when  thermal  ionization  of  the  excited  states  is  hardly  probable 
lifetimes  of  the  excited  states  were  determined  from  dependence  of  photocon^ctivity 
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Tenqjaatiue  dependoices  ot  steacfy-state 
photoconductivity  (PC)  for  crystals  Avith 
various  inipuiity  conceotrations  N  (cm~^) 
for :  a)  Diamood:  1-  N=3*10l^;  2-  510^^ 
under  DC  bias;  b)  Silicon:  N=3.5*10l^;  1- 
DC,  2-  MCW  bias;  c)  Germanium: 
N=1o16  ;  1-  DC,  2-  MCW  bias. 


Fig.2.  Dependences  of  photoconductivity  (PC)  on  modulation  frequency  f  of  exciting 
Ughtfor:  l-Si(5K);2-Ge(2.2K5;3-  DiamQnd(90K) 
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on  modulation  frequency  of  exciting  radiation  CFig.2).  The  values  obtained  from  Fig.2 

weie  T*=210"^sec  for  level  170  meV  and  t*=410‘^  sec  for  level  130  meV.  The 
lifetime  of  free  holes  t=10"^  ^  sec  estimated  from  the  value  of  steady-state  PC  at  higher 
temparatuies.  Therefore  the  lifetime  of  longHving  excited  stat^  of  boron  inc^mrity  in 
diamcmd  exceeds  free  holes  lifetime  3  -  4  orders. 

3.  SILICON 

We  studied  PC  of  silicon  do^  with  donors  (P,  As,  Sb,  Bi)  and  acceptors  (B,  Ga, 
hi)  in  concentration  N  =10l5  .  iol7  cm"^  and  with  minoiily  inqiurity  concentration 
10^2  .  iol4  cm-3  [4]  -rj^e  ionization  energies  of  the  ino^urities  are  from  42,7  meV  for 
Sb  to  160  meV  for  Im  Under  DC  bias  PC  was  determined  by  free  earners  with  lifetime 
T=10‘^  -  lO'l®  sec.  The  lifetime  values  and  their  tenqierature  dependences  (5  -  50  K) 
were  in  a  good  agreement  with  cascade  capture  theory  (Fig.  lb).  Under  microwave 
(MCW,  37  GHz)  bias  and  N  >  510^^  cm"^  the  relaxation  time  of  PC  increased  to 
10’5  sec  (Fig.2)  and  the  value  of  steady-state  MCW  PC  exceeded  that  under  DC  bias 
almost  1^  three  orders  at  low  T  (Fig.2b).  It  was  observed  for  all  inqiurities  except  of  Ga 
and  Bi.  For  these  inqiurities  MCW  and  DC  photoresponses  were  similar.  To  eiqilain 
the  experimental  dependences  of  MCW  PC  on  excitation  intensity,  ten^ierature, 
majority  and  minority  inqiurity  concentrations  we  suggested  the  model  of  polarization 
PC  in  MCW  electric  field.  In  a  doped  and  compensated  semiconducto  photocartiers, 
captured  on  dipoles,  create  diaiged  pairs  consisting  of  minority  impurity  ion  and 

majority  in^urity  atom  in  »ccited  state  with  lifetime  t*.  Coulomb  attraction  between 
the  diaiged  pair  and  the  nearest  majority  inqnirity  free  ion  leads  to  a  driit  of  the  ion  to 

the  diarged  pair.  If  the  drift  time  is  shorter  than  t*,  so  triplets  created,  consisting  of 
majority  and  minority  ions  and  localized  nearby  longliving  excited  atom  Polarization 
PC  is  a  result  of  hopping  transitions  between  excited  and  ionized  majority  in^urity 
atoms  induced  by  MCW  electric  field  It  leads  to  a  strong  absorption  of  MCW  electric 
field  energy.  We  estimated  that  polarization  PC  can  be  much  higher  than  DC  PC  for 
heavy  doped  and  compensated  semiconductor  at  low  temperature.  The  model  is  in  a 
good  agreement  with  experimental  data.  The  absence  of  slow  relaxation  of  MCW  PC 
in  Si  doped  with  Ga  and  Bi  is  due  to  a  possibility  of  fest  relaxation  of  excitation  by 
emission  of  only  optical  phonon.  Long  lifetime  10'^  sec  of  excited  states  of  other 
donors  and  acceptors  in  Si  leads  to  a  strong  influence  of  excitation  intensity  on  the 
results  of  optic^  experiments.  So,  the  relaxation  time  of  absorption  of  roexn 
tranperature  badeground  radiation  of  excited  crystals,  due  to  population  of  excited 
states,  increase  with  decrease  of  background  intensity.  The  excitatiem  of  doped  Si  also 
leads  to  capture  of  photocaniers  to  neutral  in:q}urity  atoms  and  creation  of  H'-  like 
centers.  DC  PC  due  to  H‘-  colters  was  clear  observed  in  fer  IR  spectra  obtained  ly 
FTS  method.  However  in  a  strong  electric  field  (  >  1(X)  V/cm)  H‘-  like  centers  were 
distracted,  MCW  PC  and  absorption  of  background  radiation  did  not  dianged 
sufticiently.  Hiereftire  the  observed  phenomena  of  slow  relaxation  can  not  be  eiqilained 
by  existence  of  H'-  like  centers.  Li  IR  absorption  spectra  of  Si  doped  with  B  and  As 
broad  bands  were  obsoved  and  investigated  in  a  region  of  energies  lower  than 
ionization  energies  of  flie  inqiurities.  Low-energy  edges  of  the  step-like  bands 
correspond  to  ionization  energies  of  IS  excited  states  of  B  (23  meV)and  As  (32  meV) 
in  silicorL 
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4.  GERMANIUM 

We  carded  out  the  preliminary  investigatioa  of  gomanium  doped  with  As  in 
concentrations  N=10^^  - 10^^  on*^  [5],  Ionization  and  valley-orbital  splitting  energies 
of  As  in  Ge  are  equal  to  14,18  and  4,24  meV  lespectivefy.  As  in  a  case  of  Si,  the 
difference  between  DC  and  MCW  PC  was  observed  in  strongfy  doped  Ge  crystals.  At 

2,2  K  this  difference  exceeds  two  orders  (Fig.lc).  The  relaxation  time  t*  determined 
from  frequency  dependence  of  photoresponses  is  about  3.10’^  sec  (Fig.2)  and  it  is 
much  longer  than  free  electrons  lifetime  t.  It  points  to  the  existence  of  longliving 
excited  states  of  donor  impunties  in  germanium. 

5.  CONCLUSION 

We  established  that  in  Hiamondj  silicon  and  germanium  there  are  simple  donor  and 
acceptor  impunties  having  longliving  excited  states.  Ihe  lifetime  of  those  excited  states 
are  by  a  few  orders  Icmger  than  the  lifetime  of  free  photocarriers.  This  difference  of 
lifetimes  leads  to  accumulation  of  charge  carriers  on  iongUving  excited  states.  That 
manifests  itselfe  in  a  predominance  of  hopping  PC  under  DC  or  MCW  bias. 
Localization  and  ionization  energies  of  impurities  in  diamond,  silicon  and  germanium 
are  sufficiently  different,  so  hoppirjg  PC  is  observed  at  various  concentrations  and 

temperatures  for  these  semiconductors  (Fig.l).  The  lifetime  t*  of  excited  states  also 
differs  a  few  orders  (Fig.2).  In  spite  of  so  strong  difference  the  general  regularity  of 
the  established  phenomena  for  these  semiconductors  are  similar  because  of  the  similar 
physical  nature  of  longliving  mccited  impurity  states  -  the  splitting  of  irrqjurity  ground 
states  in  semiconductors  with  diamond-type  crystalline  lattice. 
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A  metal-semiconductor  tunnel  junction  with  a  Schottky  barrier  is  a  structure  in  which 
the  form  of  potential  barrier  and  therefore  the  tunneling  current  depends  significantly  on  the 
profile  of  the  self-consistent  distribution  of  electrons  in  the  semiconductor  [1-2].  Under 
ordinary  conditions  this  distribution  is  established  by  the  electric  field  generated  by  charges 
of  impurities  and  of  surface  states  at  the  boundary  with  the  metal.  The  equilibrium  position 
of  the  boundary  of  the  electron  gas  corresponds  to  the  balance  offerees,  acting  on  each 
volume  element  of  the  monopolar  electron  plasma  due  to  the  presence  of  the  electron  pres¬ 
sure  gradient  and  of  electric  field  in  the  plasma.  When  this  balance  is  disrupted  by  an  exter¬ 
nal  perturbation,  the  plasma  boundary  is  displaced  and  the  shape  of  the  potential  barrier 
changes.  That  change  can  be  detected  as  the  change  in  the  tunneUng  conductivity  of  the 
junction.  We  consider  the  case  when  such  a  perturbation  is  the  radiation  pressure  force, 
arising  due  to  the  plasma  reflection  of  the  light  by  free  electrons  of  the  semiconductor. 

The  effect  described  above  was  predicted  in  [3],  observed  in  [4]  and  experimentally  in¬ 
vestigated  in  [5].  The  photoresistive  effect  in  n-GaAs/Au  tunnel  junctions  was  found  under 
the  action  of  electromagnetic  radiation  in  the  region  of  the  plasma  reflection  at  the  wave¬ 
length  X=90.55  pm.  Here  the  theoretical  consideration  of  the  radiation-pressure-deformed 
self-consistent  Schottky  barrier  is  presented  and  the  photoresistive  response  of  tunnel  junc¬ 
tion  produced  by  this  mechanism  is  calculated. 

Let  a  degenerate  electron  gas  occupy  the  half-space  a:  <  0  to  the  left  of  the  semicon¬ 
ductor-metal  interface.  If  an  electromagnetic  plane  wave,  whose  frequency  ©  is  much  lower 
than  the  plasma  frequency  CO  ^  of  the  electrons,  is  incident  on  the  electron  gas  from  the 

right,  then  the  reflection  of  radiation  is  accompanied  by  transfer  of  momentum  to  the  elec¬ 
tron  subsystem.  This  should  disturb  the  equilibrium  of  force  and  shift  the  plasma-depletion 
layer  boundary.  As  a  result,  the  shape  of  the  potential  barrier  changes  and  correspondingly 
the  resistance  of  the  turmel  junction  has  to  change. 

In  order  to  find  this  change,  we  consider  the  condition  of  equilibrium  of  the  plasma  in  a 
static  electric  field  of  the  depletion  layer,  taking  into  account  also  the  ponderomotive  forces 
produced  by  the  radiation  incident  in  a  direction  normal  to  the  surface.  Let  us  begin  with 
well-known  hydrodynamic  equation  of  momentum  balance  for  electrons: 

mn  —  =  -Vp-neS.-n-[\y^-mn-  (1) 

dt 

Here  H  is  the  magnetic  field  of  the  wave,  m  is  the  effective  mass,  n{x)  is  the  density, 
p(^x')  is  the  pressure,  u(jC5  ?)  is  the  drift  velocity,  and  T  is  the  momentum  relaxation  time 
of  the  electrons.  Now  we  transform  this  expression,  using  the  fact  that  the  density  of  the 
ponderomotive  force  Fe^(r,0,  exerted  by  the  electromagnetic  field  on  charges  with  den¬ 
sity  p(r,0  and  currents  with  density  j(r,r),  can  be  represented  as  a  divergence  of  the 
Maxwell  stress  tensor  Tjj^(Y,ty. 
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(2) 


F,,,.(r,0-P^,(r,0  +  i[jH(r,r)].= 


dZ 


ik 


dxi 


Here  we  dropped  the  time  derivative  of  the  Poynting  vector  in  the  matter  (Minkovski  force) 
since  the  quasistationary  pulse  field  is  considered.  It  may  be  shown  in  the  case  of  non-dissi- 
pative  reflection  of  the  radiation  from  plasma  half-space  in  quasistationary  approximation 


4nc  dt 


[EH] 


(0/co_)^  l-(co/co_) 


J, 


(2a) 


where  K  is  the  lattice  part  of  the  dielectric  constant  of  the  semiconductor,  J  is  the  Poynting 
vector  of  incident  wave.  It  is  interested  to  note  that  the  first  non- vanishing  approximation 
for  Minkovski  force  under  considered  conditions  turns  out  to  be  proportional  to  the  second 
time  derivative  of  the  slow- varying  intensity  of  the  incident  radiation  instead  of  first  order  of 
time  derivative  usually  obtained  (cf  with  [6],  Sec.  80).  Since  we  will  assume  CO  <  (0^,  the 

pulse  duration  is  of  order  lO-r- 100  ns,  and  COT^  » 1  (quasistationary  condition),  the 

Minkovski  force  can  be  estimated  as  negligibly  low  (of  order  of  10  )  in  comparison  with 

the  terms  kept  in  (2). 

Setting  p  =  e\N  —  ?t(A:)]  and  j  =  —enw  and  using  Eq.  (2),  the  r.h.s  of  Eq.  (1)  can  be 
put  into  the  form 

(3  a) 


mn^  =  '¥{x,t)-mn^. 


dt 


where 


Fi(x,t)  =  -ViP-eNEi 


dZ 


ik 


dxi 


(3b) 


Assuming  now 

E(jc,?)  =  E_y^(A:)-i-Ei(;c)cos(coO,H(;c,f)  =  -Hi(x)sin(coO 
averaging  Eq.  (3  a)  over  the  period  of  the  high-frequency  field,  we  obtain  the  condition  of 
equilibrium  of  a  collisionless  plasma  in  the  form  F^  =  0  (the  overbar  indicates  time-averag¬ 
ing).  Integrating  this  equality  from  — oOup  to  point  X  in  the  depletion  layer  (Xq  <X  <0), 
we  find  that  the  total  force,  acting  on  the  plasma,  is  zero: 

p(-co)  -  NO{x)  +  {x^-=  0.  (4) 

Here  we  took  into  account  the  fact  that  p{x)  =  7^(— oo)  =  0  and 
-eE^f(x)  =  -do  /  dx,  where  =  -e(p(.x)  is  the  potential  energy  of  an  electron  in 
the  electrostatic  potential  (p(j^).  The  point  a:o  is  the  boundary  point  of  the  degenerate 
plasma  in  the  depletion  layer  and  is  determined  by  the  condition  O(xo  )  =  p ,  where  p  is 
the  Fermi  energy  in  the  bulk  of  the  semiconductor.  Since 

for  the  geometry  chosen  and  the  amplitude  Hi  of  the  magnetic  field,  decaying  as  exp(Ax  ) 

2^  2  1/2 

with  k  =  {G)  I  c)[k(co^  /  0  - 1)]  into  the  plasma,  can  be  expressed  with  the  help  of 
the  first  Maxwell  equation 


in  terms  of  Ei  by  the  relation 


rotE=-lf 


Hi  =  [K(G)p/(})^-lf^Ei, 
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we  obtain 


T^(x)  =  ^El(x)-4^-^\E,(xt. 

© 

It  should  be  noted  that  the  transverse  components  of  the  electromagnetic  field  are  almost 
constant  in  the  depletion  layer  owing  to  their  characteristic  length  (skin  length 

1/2  1/2 
L^  =  c  /  or  wavelength  in  pure  semiconductor  A,  /  K  )  is  much  greater  than  the 

thickness  L  of  the  depletion  layer.  Hence,  we  will  use  further  the  value  of  as  the 

electric  field  amplitude  of  the  electromagnetic  field. 

An  equation  for  the  static  field  in  the  depletion  layer  in  the  presence  of  an  electro¬ 
magnetic  wave  can  be  derived  from  Eq.  (4); 

f^El^N^x)-iNv.+^^\E,{x^f.  (5 

© 

In  order  to  understand  the  consequences  of  the  change  in  the  field  Est  in  the  Schottky  bar¬ 
rier  owing  to  the  action  of  the  radiation  pressure,  we  examine  the  expression  for  the  tunnel¬ 
ing  current  [2] 

Ioz\dE[f{E)-f{E  +  eV)\QX^  -  ^  J t^x:(0(jc) - . 

0  L  ^  - 

Here  is  the  turning  point  of  the  trajectory  of  an  electron  incident  with  energy  E  on  the 

barrier.  We  denote  the  argument  of  the  exponential  by  — G  and  transform  it  using  (5); 

o/o„..\l/2  0  r7\l/2 


;  ft  i  <i>'(®) 


where  is  the  height  of  the  Schottky  barrier.  The  expression  for  the  static  electric  field 
O'  in  the  barrier  as  a  function  of  the  potential  O  can  be  obtained  from  (5).  The  change  oc- 
curing  in  the  current  I  when  the  tuimel  junction  is  irradiated  at  the  constant  bias  voltage  V 
is  related  to  the  change  in  the  argument  of  the  exponential 

8G  =  G(£,®j,«)-G(£.Oj,0),  (7a) 

2 1  1 2  2 

where  known  high-fi'equency  potential  M  =  e  pj]  /  4/m©  is  introduced.  As  a  result  we 

can  obtained  the  explicitly  expression  for  the  relative  response  to  the  radiation  pressure 

^  =  Aa 

I  V=const  ^  V -const 

where  a  =  /  /  F  is  the  conductance  (not  the  differential  one!)  of  the  tunnel  junction  and 
A/  is  given  by  the  simple  expression 

A/  =  j  dEU(E)  -f(E + er)]{expKG + 8G)]  -  exp(-G)} .  (7c) 

0 

The  following  qualitative  fea©res  of  the  tunnel  junction  response  to  the  radiation  pres¬ 
sure  results  from  the  expressions  (7):  1)  the  tunnel  transparency  of  the  barrier  has  to  in¬ 
crease  under  the  action  of  the  radiation;  2)  the  magnitude  of  the  response  does  not  depend 
on  the  radiation  frequency  (if  ©  <  ©  p);  3)  at  low  radiation  intensity  in  linear  approximation 

for  A/  as  a  function  U  the  relative  response  depends  on  the  free  carrier  density  N  ap¬ 
proximately  as  Xj .  All  these  results  are  in  agreement  with  the  measurements  [5]. 
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The  most  striking  conclusion  above  stated  is  the  increase  of  the  barrier  transparency 
since  the  transfer  of  radiation  momentum  to  the  free  carrier  should  seemingly  shift  the 
plasma  boundary  inside  semiconductor,  giving  rise  to  the  increase  the  barrier  thickness  and 
to  decrease  of  the  transparency.  Formally  it  follows  from  the  Eq.(5)  that  shows  the  increase 
of  the  static  electric  field  in  the  depletion  layer  as  the  radiation  presents.  The  point  is  that 
the  force  acting  on  a  volume  element  of  the  plasma  is  not  a  simple  sum  of  the  forces  exerted 
by  the  external  electromagnetic  field  on  the  each  electron.  It  includes  also  the  interaction  of 
the  electrons  by  means  of  the  self-consistent  field.  The  existence  of  the  plasma  reflection  is 
itself  due  to  this  interaction.  Thus,  one  can  expect  that  although  the  radiation-pressure  force 
acts  on  the  entire  free  carrier  plasma  as  a  whole  in  the  direction  away  from  the  illuminated 
surface  of  the  semiconductor,  the  part  of  the  transition  layer  of  the  plasma  boundary,  where 
the  electron  density  drops  from  its  bulk  value  to  zero,  can  move  in  the  opposite  direction. 
This  makes  thinner  the  barrier  width  at  the  energy  of  order  of  Ferrm  level  and  increases  the 
barrier  width  at  the  energies  of  the  electron  states  well  below  Fermi  level.  However,  the 
main  contribution  to  tunnel  current  is  determined  by  the  electron  states  near  the  Fermi  level, 

the  tunnel  transparency  of  which  is  increased. 

A  detailed  analysis  of  the  field  and  electron  distributions  in  the  transitional  layer  would 
require  solving  the  time-dependent  Vlasov  kinetic  equation  in  the  inhomogeneous  barrier 
field,  which  is  a  quite  hard  problem.  At  the  same  time,  the  use  of  the  momentum-balance 
equation  and  the  Maxwell  stress  tensor  makes  it  possible  to  find  exactly  the  change  in  the 
Schottky  barrier  in  the  depletion  layer  for  electron  energies  E>\y.  Moreover,  the  general 
expressions  (7)  allow  us  to  analyze  the  response  in  non-linear  region  of  its  intensity  depend¬ 
ence.  This  may  open  the  way  to  the  absolute  measurements  of  the  radiation  field  strengths  in 
the  near- surface  region  and  lead  to  an  explanation  of  the  observable  enhancement  of  the 
measured  response  [5]  in  comparison  with  the  theoretical  estimations. 
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PHYSICAL  LIMITATION  FOR  DRAIN  VOLTAGE  OF  POWER  PHEMTs 


V. A. Vashchenko  and  V.F.Sinkevitch 
Russia 


INTRODUCTION  Monolithic  microwave  integrated  circuits  based  on 
pseudomorphic  GalnAs  channel  HEMT  (PHEMT)  has  held  a  leader  position 
among  these  devices  for  power  applications  [1],  High  power  performance 
requires  a  high  drain-source  breakdown  voltage  [1],  The  drain  breakdown, 
along  with  the  other  things,  limits  the  major  parameters  of  PHEMTs  ~ 
operating  drain  voltage  and  reliability.  That  is  why,  the  understanding  of 
breakdown  mechanisms  is  important.  Up  to  now  such  mechanisms  have  not 
been  clarified.  Modern  technology  of  the  PHEMT  chip  attachment  allow  one 
to  avoid  a  high  level  of  channel  temperature  and  conditions  of  current  thermal 
instability  during  its  operation.  That's  why  breakdown  mechanisms  which  limit 
the  drain  supplying  voltage  are  of  an  electrical  nature  and  probably  have  the 
same  features  both  in  the  DC  and  pulse  operation  of  PHEMTs.  The  purpose 
of  this  study  is  to  establish  the  electrical  mechanisms  of  the  drain-source 
breakdown,  which  result  in  a  maximum  drain  voltage  limitation  and, 
particularly,  in  the  catastrophic  failures  under  a  drain  voltage  increase.  In  this 
paper  the  results  on  the  drain-source  current-voltage  (Iq-Vds)  characteristics 
of  the  PHEMTs  and  the  light  emission  spectral  and  intensity  distributions  are 
presented  for  pulse  and  DC  regimes. 

EXPERIMENTAL  For  the  experimental  investigation  the  test 
structures  of  serial  PM  HEMTs  (Fig.1(a))  were  used.  The  PHEMTs  structures 
have  topology  (Fig.  1(b)) :  180  pm  gate  width,  0.3  pm  gate  length,  3  pm  drain- 
-source  spacing,  V-Au  gate  and  AuGe-Au-V-Au  drain  and  source 
metallization.  The  Iq-Vds  characteristics  were  measured  using  method  [2]  at 
20  ns  pulse  duration  of  the  drain  voltage,  0.01  %  duty  factor,  constant  gate 
biases  and  1000  ohms  drain  load  resistor.  The  light  emission  intensity 
distribution  was  measured  using  the  scanner  with  a  narrow  gap  and  the 
photomultiplier  with  S-20  photocathod.  The  scanner  allowed  one  to  measure 
a  light  emission  distribution  over  an  active  PHEMT  surface  with  1  pm  spatial 
resolution.  The  DC  Id-Vqs  characteristics  and  the  light  emission  distributions 
were  measured  on  the  PHEMTs  matched  in  the  amplifier,  having  1000  Ohms 
resistor  in  the  drain  circuit. 

RESULTS  The  typical  pulse  Id-Vds  characteristics  of  investigated 
PM  HEMTs  at  various  constant  gate  biases  are  presented  in  Fig.2(a).  After 
the  saturation  region  a  slight  drain  current  increase  was  observed  in  the  Id- 
Vds  characteristics  due  to  a  drain  avalanche  breakdown  (Fig.2(a)).  In  this 
state  (a)  the  light  emission  was  distributed  uniformly  along  the  drain  contact 
and  electroluminescence  spectrum  was  typical  for  the  GaAs  avalanche 
breakdown  (Fig.2(b,c,d),  curves  (a)).  At  operation  and  pinch  off  gate  biases 
the  reversible  switching  of  PHEMT  to  a  new  state  (j3)  was  observed  (Fig.2(a)). 
The  switching  time  was  less  than  1  ns.  After  switching  the  light  emission 
intensity  distribution  along  the  drain  changed  (Fig.2(b),  curve  (P)  due  to 
current  filament  formation.  Within  the  current  filament  area  the  light  emission 
distribution  in  the  drain— source  spacing  also  changed  (Fig.2(c),  curve  (P)). 
The  current  filament  dimension  increased  with  the  drain  current  increase.  The 


radiation  intensity  of  0.88  lam  wave  length  increased  in  the  light  emission 
spectrum  (Fig.2(d))  after  switching.  This  increase  was  the  result  of  an 
additional  radiation  from  the  gate-source  spacing  (Fig.2(c),  curve  (P)).  Under 
the  following  drain  current  increase  the  spectrum  was  not  changed.  For 
positive  or  small  gate  biases  a  sharp  drain  current  increase  was  observed  at 
the  positive  differential  conductivity  (PDC)  (Fig.2(a)).  This  increase  was 
limited  by  a  thermal  overheating.  In  a  high  state  condition  the  light  emission 
was  distributed  uniformly  along  the  drain  contact,  but  the  light  emission 
distribution  in  the  drain-source  spacing  was  similar  to  the  distribution  after 
switching  (Fig.2(c),  curve  (P)).  In  high  conductivity  conditions  both  at  the  PDC 
and  at  the  NDC  states  the  light  emission  spectra  were  the  same. 

A  decrease  of  the  drain  load  resistance,  an  increase  of  the  duty  factor 
or  a  pulse  duration  led  to  the  PHEMT  local  burnout  under  the  measurements 
of  switching  voltage.  As  a  result  of  the  burnout  the  active  area  of  the  structure 
was  locally  melted  in  areas  of  10  pm  dimension,  which  coincided  with  the 
places  of  current  filament  formation.  DC  and  pulse  Iq-Vqs  characteristics  of 
the  investigated  PHEMTs  were  the  same  before  switching.  At  small  gate 
biases  the  switching  was  reversible,  but  in  pinch  off  conditions  the  switching 
led  to  a  local  instantaneous  burnout.  The  switching  or  burnout  voltages  in  DC 
regime  coincided  with  a  good  accuracy  with  switching  voltages  in  20  ns  pulse 
regime.  After  DC  switching  the  light  emission  distribution  on  the  PHEMT 
surface  coincided  with  the  distribution  in  20  ns  pulse  regime. 

In  20  ns  pulse  regime,  at  a  duty  factor  of  more  then  1%  and  pinch-off 
gate  biases  the  filament  formation  showed  new  interesting  features.  In  such 
conditions  after  switching  into  the  current  filament  state  the  PHEMT 
differential  conductivity  became  positive  and  the  following  drain  current 
increase  was  accompanied  by  a  number  of  the  breaks  and  hysteresis  in  the 
Iq-Vds  characteristic  (Fig.2(a)  dashed  line).  These  peculiarities 
corresponded  to  the  transitions  to  new  multifilament  states.  Under  a  high 
drain  current  of  the  PHEMT  the  multifilament  states  have  a  spatial  periodic 
structure  (Fig.2(b),  curve  (y)).  Under  a  drain  current  increase  the  filaments  in 
the  initial  state  became  expanded  at  first  and  then  the  spatial  period 
decreased.  Depending  upon  the  way  of  the  electrical  load  and  the  duty  factor 
the  filament  states  with  the  same  number  of  filaments  may  localize  in  various 
places  of  the  PHEMT  structure. 

DISCUSSION  From  the  presented  results  it  follows,  that  in  the 
condition  of  a  low  thermal  overheating  at  a  constant  gate  bias  the  drain 
voltage  increase  is  limited  by  a  sharp  drain  current  increase  at  the  PDC  or 
the  NDC.  The  NDC  formation  results  in  the  HEMT  switching  to  a  filament 
state  according  to  the  drain  load  characteristics.  Depending  upon  conditions 
of  channel  Joule's  heating  (a  pulse  duration,  a  duty  factor  or  a  drain  current 
level  in  the  filament  state)  the  filament  formation  may  end  with  a  local  burnout 
both  in  a  pulse  and  DC  regimes  at  voltage  of  the  NDC  formation  and 
switching.  Before  switching  or  a  sharp  drain  current  increase  the  light 
emission  spectrum  was  typical  for  the  avalanche  breakdown  of  GaAs,  and  not 
depends  upon  the  drain  voltage  value.  After  switching  or  a  sharp  drain 
current  increase  the  spectrum  changed  due  to  the  GaAs  band  gap 
electroluminescence  from  the  gate-source  spacing.  This  electroluminescence 
from  gate-source  spacing  pointed  out  the  intensive  recombination  of  injected 

holes  and  electrons  near  the  source  in  the  i— GaAs  layer  of  PHEMT  (Fig.  1(a)). 
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The  main  characteristics  of  the  PHEMTs  breakdown  (the  Iq-Vds 
characteristics,  the  spectra,  the  filament  formation)  are  close  to  the 
characteristics  of  the  GaAs  MESFET's  breakdown  [2],  This  allows  to 
conclude  that  observed  breakdown  mechanism  is  the  same  with  isothermal 
current  instability  at  an  avalanche  injection  breakdown  of  SI  buffer  of  GaAs 
MESFET's  [2,3].  The  mechanism  that  produces  this  breakdown  is  as  follows: 
first  there  is  accumulating  the  holes  from  the  drain  avalanche  area  in  the  i- 
GaAs  layer  near  the  source.  It  results  in  an  electron  injection  increase  from 
the  source,  the  formation  of  the  quasi  neutral  area  of  the  electron-hole 
plasma  near  the  source,  the  modulation  of  the  i-GaAs  layer  conductivity,  an 
electric  field  redistribution  in  the  drain-source  spacing  and  the  change  of 
HEMTs  differential  conductivity.  Apparently,  the  sign  of  differential 
conductivity  is  defined  by  the  effective  distance  between  an  avalanche  and 
injection  areas,  and  is  controlled  by  the  gate  space  charge  region  and  also 
defined  by  the  channel  length. 

Formation  and  evolution  of  multifilament  states  under  the  HEMT 
breakdown  demonstrated  the  main  properties  of  dissipate  structures  behavior 
and  are  an  example  of  selforganization  in  strong  nonequilibrium  systems 
[4,5].  The  formation  of  multifilament  states  appears  to  be  defined  by 
difference  between  two  spatial  parameters:  channel  NDC  and  the  distributed 
resistance  of  the  drain  and  source  contacts. 

CONCLUSION  According  to  the  presented  results  the  maximum 
drain  voltage  of  the  PHEMTs  at  a  constant  gate  bias  is  limited  by  an 
avalanche  injection  breakdown  of  the  undoped  i-GaAs  layer.  The  evolution  of 
this  breakdown  results  in  a  the  sharp  drain  current  increase  at  PDC  or  in  the 
appearance  of  NDC  and  the  following  switching  to  the  filament  state  of  a  high 
current  density.  The  instantaneous  burnout  of  the  PHEMT  under  an  increase 
of  the  drain  voltage  is  the  result  of  a  local  overheating  and  melting  in  current 
filament  area  after  switching.  Such  a  local  burnout  appears  to  be  the  main 
kind  of  a  catastrophic  failures  of  power  PHEMT  in  the  applications  under  the 
drain  voltage  overloads.  Since  the  values  of  switching  voltages  at  20  ns  pulse 
regime  coincide  with  switching  or  burnout  voltages  in  DC  regime,  therefore 
the  method  of  20  ns  measurements  may  be  successfully  used  for  direct 
reversible  measurements  of  the  safe  operating  area  of  PHEMTs. 
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This  paper  discusses  a  comparison  of  resonant  tunneling  diodes  (RTD’s)  and  conventional 
tunnel  diodes  (TD’s)  for  use  in  negative  differential  resistance  based  digital  circuits.  The 
comparison  includes  processing,  switching  speed,  temperature  dependence,  stacking,  as 
well  as  TV  characteristics.  The  RTD  is  a  highly  strained  AlAs/InGaAs/AlAs  structure, 
while  traditional  Si  TD  (dopant  concentration  greater  than  3x10^®  cm'^)  and  InGaAs  TD 
(dopant  concentration  5x10^®  cm'^)  are  both  fabricated  and  tested. 

Chemical  Beam  Epitaxy  (CBE)  is  used  to  co-integrate  InP-based  heterojunction  bipolar 
transistors  (HBTs)  and  RTDs  for  the  first  time.  The  integrated  transistor  achieves  dc  and 
differential  current  gain  of  53.6  and  122  respectively,  with  breakdown  voltages  V^~  6  V 
and  Vbeo~  9  V.  For  microwave  performance,  fj-  of  77  (63)  and  of  60  (53)  GHz  after 
(before)  the  onset  of  negative  differential  resistance  is  obtained.  Co-integration  of  high 
speed  HBTs  and  TDs  are  also  experimentally  realized  for  the  first  time.  A  dc  current  gain  of 
20  with  NDR  characteristics  and  breakdown  voltages  of  V^~  6  V  and  9  V  are 
shown.  Estimated  fj  of  the  fabricated  transistor  is  around  50  GHz. 

A  hybrid  integration  circuit  of  Si  bipolar  junction  transistors  (BJTs)  and  Si  TD  is  being 
improved  by  comparing  different  ways  of  doping  for  the  TD,  including  diffusion,  ion 
implatation,  and  molecular  beam  epitaxy  (MBE),  to  achieve  higher  dopant  concentration. 

(This  work  was  supported  by  ARP  A  under  contract  DAAH-04-93-G-0242) 
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The  characterization  of  HEMTs  in  the  microwave  range  is  done  by  measuring  the  S  or 
Y  parameters.  Analytically,  two  distinctive  approaches  exist  for  the  calculation  of  those 
parameters  which  are  essential  to  analyze  and  design  circuits  in  the  microwave  range.  The 
first  approach  calls  for  deriving  a  small  signal  equivalent  circuit  from  the  dc  model  using 
a  quasi-static  approximation  [1].  The  circuit  is  then  used  to  find  the  Y  and  5-parameters. 
The  second  approach  known  as  the  non-quasistatic  approach  [2]  consists  of  solving  the  device 
wave  equation  to  directly  find  the  T-parameters  without  having  to  find  a  physical  equivalent 
circuit  representation  for  the  device. 

In  this  paper,  a  physically  based  model  describing  the  HEMT  is  used  to  predict  the 
scattering  and  admittance  parameters  as  function  of  the  applied  gate  bias  and  the  operating 
frequency.  The  T-parameters  are  compared  with  those  resulting  from  solving  the 
device  wave  equation  and  found  to  be  in  excellent  agreement.  The  model  accounts 
for  second  order  effects  such  as  mobility  degradation,  velocity  saturation  as  well  as  the 
conduction  in  the  AlGaAs  layer.  The  elements  of  the  small  signal  equivalent  circuit  namely 
the  transconductance,  the  output  conductance  and  the  capacitances  are  used  to  derive  the 
Z-parameters  and  to  project  both  the  5  and  K-parameters  in  three-dimensions.  The  model 
is  used  to  estimate  the  operating  power  gain  (Pw),  the  transducer  power  gain  (Pg),  the 
maximum  stable  gain  (MSG)  and  the  maximum  available  gain  (MAG). 

The  theoretical  predictions  of  the  model  are  compared  with  the  experimental  data  for  a 
250  fim  X  0.32  fim,  pulsed-doped  HEMT  [3]  and  a  350  fim  x  1  fim  HEMT  [2]  and  shown 
to  be  in  excellent  agreement  over  a  wide  frequency  range. 

Figure  1  compares  Y\\  obtained  from  this  model  to  that  resulting  from  the  non  quasi¬ 
static  approximation.  The  figure  shows  an  excellent  agreement  which  was  made  possible  by 
adjusting  the  values  of  Cqs  and  Cqd  in  our  model. 

The  experimental  data  available  for  device  1  [2]  are  the  admittance  parameters  of  which 
we  have  selected  Yu  and  Y12  to  reproduce  in  Figure  2.  Those  data  are  compared  with  the 
theoretical  predictions  of  the  model  over  a  frequency  range  extending  from  2  GHz  to  18 
GHz  and  show  a  good  agreement  over  the  entire  range. 
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The  data  available  for  device  2  are  the  scattering  parameters  [3].  We  have  selected  a 
representative  sample  of  these  parameters  namely  the  real  and  imaginary  components  of  Su 
and  superimposed  them  in  Figure  3  on  the  predictions  of  the  model  over  a  frequency  range 
extending  from  1  to  25  GHz.  The  agreeement  between  the  theory  and  the  experimental 
data  is  excellent. 

Since  we  have  established  the  accuracy  of  the  model  by  comparing  its  predictions  to  the 
experimental  data  available  for  devices  fabricated  by  independent  research  groups,  we  like  to 
explore  the  potential  of  the  model  in  projecting  the  admittance  and  scattering  parameters 
as  well  as  the  power  gains  in  three  dimensions  i.e.  as  functions  of  voltage  and  frequency. 
Towards  that  purpose,  we  have  selected  device  3  [4].  The  experimental  data  available  for 
device  3  are  restricted  to  the  dc  and  small  signal  parameters.  We  have  established  [1] 
the  match  between  the  predictions  our  dc  and  ac  models  with  those  published  data.  No 
experimental  data  are  available  for  Y  or  S'-parameter.  We  however  have  projected  in  Figure 
4  the  real  and  imaginary  part  of  Sui  a-s  function  of  both  gate  voltage  and  frequency. 
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Fig  1.  Real(upper)  and  imaginary  (lower)  part  of  intrinsic  Fig  3.  Real  (upper)  and  imaginary  (lower)  part  of  5i  i  withe 
Vii  from  the  wave  equation  approach(o)  and  the  theoretical  perimentaldata(o)[l]  and  theoretical  predictions (o)  at  Vjjs 
predictions (”).  1.5  (V). 
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1  Introduction 

Several  quasi-optical  systems  have  been  reported,  including  grid  oscillators  [1]  and  amplifiers  [2], 
resonant  cavity  oscillators  [3,4],  microstrip-based  rotator  arrays  [5],  and  dielectric  slab  beam  waveg¬ 
uides  (DSBW)  [6]  for  power  combining.  The  dielectric  slab  system  described  here  has  the  advantage 
of  being  two-dimensional  and  is  thus  more  amenable  to  photolithographic  reproduction  than  the 
conventional  open  quasi-optical  power  combining  structures.  Previous  investigations  of  the  quasi- 
optical  dielectric  slab  cavity  and  waveguide  [7, 8]  demonstrated  the  suitability  of  this  structure  for 
the  integration  of  quasi-optical  power  combining  with  MMIC  technology. 

A  complete  DSBW  quasi-optical  system,  as  shown  in  Fig.  1,  could  consist  of  the  following:  a 
source,  active  or  injection,  [7],  an  amplifier  array  [8],  triplers,  and  a  leaky  wave  antenna  which  would 
be  used  for  steering  the  energy  out  of  the  system.  Between  each  of  the  stages  lenses  are  used  to 
focus  the  guided  waves  for  optimal  field  concentration  on  the  elements  in  the  system.  In  this  work 
we  present  the  amplifier  array  stage  using  both  convex  and  concave  lenses  as  shown  in  Fig.  2.  The 
DSBW  amplifier  system  incorporates  four  MESFET  amplifiers  and  two  thin  convex/concave  lenses. 
The  waveguide  system  was  adjusted  with  the  transistors  turned  off  so  that  the  guided  waves  are 
focused  near  the  aperture  of  the  receiving  horn.  The  dielectric  slab  is  Rexolite  (e  =  2.57,  ta,n6  = 
0.0006  at  X-band  ),  and  it  is  27.94  cm  wide,  62  cm  long,  and  1.27  cm  thick.  The  convex  lenses 
are  fabricated  from  Macor  (e  =  5.9,  tan5  =  0.0025  at  100  kHz)  with  a  radius  of  30.48  cm,  and  the 
focal  length,  /,  is  28.54  cm.  The  concave  lenses  are  air  (e  =  1)  with  a  radius  of  30.48  cm,  and  the 
focal  length,  /,  is  40.4  cm.  The  aperture  width  of  both  horn  antennas  is  9  cm,  designed  to  be  wide 
enough  to  catch  most  of  the  amplified  power.  Energy  emitted  from  the  input  radiator  propagates  in 
a  quasi-optical  TE  Gaussian  mode  in  the  dielectric  slab  waveguide,and  is  focused  by  the  first  lens  in 
the  middle  area  of  the  slab.  This  system  is  designed  so  that  the  amplifier  unit  cells  are  within  the 
beam  waist  (the  1/e  field  points). 

The  amplifier  unit  cells  are  7  cm  x  1.5  cm  and  employ  HP  ATF-10235  MESFETs.  This  design 
was  derived  from  the  active  slot-line  notch  antenna  by  Leverich,  et  al.  [9].  An  amplifier  unit  includes 
two  end-fire  Vivaldi  antenna  tapers  which  are  gate-receiver  and  drain-radiator,  and  is  specifically 
designed  to  eliminate  surface-of-slab  to  ground-plane  resonance.  The  advantage  of  locating  the 
amplifiers  on  the  ground  plane  is  that  it  reduces  beam-mode  perturbation,  scattering  losses,  and 
reflection  of  the  input  energy  due  to  the  amplifier  structure.  These  are  problems  with  amplifiers 
mounted  on  the  surface  of  the  slab  [8]  and  in  the  more  conventional  grid  system. 
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Figure  1:  A  dielectric  slab  beam  waveguide  system. 
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Figure  2:  Amplifier  array  stage  with  convex  and  concave  lenses. 
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2  Experimental  Results  and  Discussions 

Passive  measurements  were  made  on  the  DSBW  system  with  no  amplifiers  present  comparing  the 
convex  and  concave  lenses.  The  concave  lens  system  has  less  loss  than  the  convex  lens  system  as 
shown  in  Fig.  3.  Fig.  4  shows  the  electric  field  measured  at  a  frequency  of  7.28  GHz  for  both  the 
convex  and  concave  lenses.  This  measurement  estimates  the  loss  due  to  the  lenses  where  the  convex 
lens  loss  is  approximately  -3.66  dB  and  the  concave  lens  loss  is  approximately  -1.18  dB.  This  loss 
estimation  is  obtained  by  integrating  the  areas  under  the  E'-field  patterns  before  and  after  lenses. 
In  Fig.  5,  the  insertion  loss  is  given  for  both  cases  where  the  convex  lens  system  is  showing  lower 
loss.  The  reason  for  this  is  that  the  input  wave  scattered  by  the  amplifier  array  goes  into  the  air 
more  easily  for  the  concave  lens  system  than  for  the  convex  lens  system. 

The  amplifier  gain,  computed  as  the  ratio  between  Pout(Amp  ON)  and  Pc)ut(Amp  OFF),  is  shown 
in  Fig.  6  for  both  concave  and  convex  lens  systems.  The  amplifier  gain  is  16  dB  for  the  concave 
case  and  14  dB  for  the  convex  case  as  Pin  is  -12.4  dbm.  This  implies  that  the  concave  lens  system 
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has  better  performance  than  the  convex  lens  system.  In  these  measurements  the  four  MESFET 
amplifiers  were  placed  on  the  ground  plane  underneath  the  Rexolite. 

The  system  gain  (defined  as  Pout /Pin)  is  shown  in  Fig.  7  for  both  the  concave  and  convex  systems 
with  and  without  a  metallic  top  cover.  For  the  concave  case  the  system  gain  is  approximately  7.7  dB 
with  and  without  the  metallic  top  cover.  For  the  convex  case  the  metallic  cover  gives  a  system  gain 
of  about  6  dB  and  without  the  cover  4  dB.  The  reason  that  there  is  a  difference  in  the  convex  system 
gain  with  and  without  the  cover  is  because  the  passive  scattering  loss  for  the  convex  lens  system 
is  higher  than  for  concave  lens  system.  Therfeore,  using  a  metallic  cover  can  save  more  scattrering 
energy  for  convex  lens  system. 

3  Conclusions 

We  have  demonstrated  quasi-optical  power  combining  in  a  dielectric  substrate  with  the  amplifier 
array  located  on  the  ground  plane  for  both  a  concave  and  convex  lens  system.  The  overall  perfor- 
mance  of  the  concave  lens  system  was  better  than  the  convex  lens  system  including  passive  system 
gain,  amplifier  gain,  and  active  system  gain. 
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Figure  3:  Passive  system  gain  for  convex-lens 
and  concave-lens  systems. 


Figure  4:  \Ey\  distributions  before  and  after 
lenses. 


Frequency  (GHz) 

Figure  5:  Insertion  loss  of  convex-lens  and 
concave-lens  systems. 
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Figure  6:  Amplifier  gain  in  convex-lens  and 
concave-lens  systems. 
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Figure  7 :  Active  system  gain  for  convex-lens  and 
concave-lens  systems. 
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Abstract 

Ga^Ini.^P/InyGa,.yAs/GaAs  MODFETs  with  a  pseudomorphic  barrier  and  a  pseudomorphic 
channel  were  grown  by  OMVPE.  This  Al-free  material  system  is  the  most  promising 
material  system  for  advanced  MODFETs  on  GaAs  for  high  frequency  and  power 
applicaions.  Record  2DEG  carrier  densities  of  S.MO'^cm'^  for  single  sided  MODFET 
were  measured.  0.25  |im  device  yield  0.45  W/mm  rf  power. 

1.  Introduction 

There  is  a  high  demand  in  a  low  noise  power  MODFETs.  GaJn,.^P  is  a  very  promising 
barrier  material  for  the  MODFET  fabrication  on  GaAs  substrates  for  RF  and  power 
applications.  Following  the  initial  simple  analytical  design  by  Eastman  [1],  MODFET 
structures  were  grown  by  OMVPE  [2]  The  novel  concept  of  grading  the  barriers  was 
implemented  in  these  structures.  Grading  the  channel  results  in  further  improvement  [3]. 
Hall  measurements  were  made  on  the  wafers  and  compared  well  with  the  predictions. 

The  idea  of  graded  barriers  is  given  in  section  two.  Hall  data  of  the  designed 
structures  are  shown  in  section  three.  Device  fabrication  and  results  are  given  in  section 
four.  Section  five  summarizes  the  paper. 


2.  Concept  of  graded  barriers 

There  is  are  simple  way  of  optimizing  MODFET  structures.  A  conduction  band  profile  of  a 
conventional  MODFET  is  shown  schematically  in  fig.  1(a).  As  can  be  seen  from  this  figure 
the  problem  of  this  structure  is  the  dip  in  the  conduction  band  due  to  the  d-doping.  Since 
this  region  is  closest  to  the  Fermi,  level  a  high  probability  arises  to  accumulate  parasitic 
charges  there.  The  solution  of  this  problem  is  to  increase  the  distance  of  the  dip  to  the 
Fermi  level  by  increasing  the  Ga  mole  fraction  in  the  GaxInl-xP  barrier.  Therefore  the 
barrier  will  be  pseudomorphic  and  still  be  constrained  by  the  Matthews-Blakeslee  limit  [4] 
However,  it  is  not  necessary  to  strain  the  whole  barrier.  It  is  important  to  raise  the  potential 
of  the  mainly  problematic  part  of  it.  In  the  case  of  GalnP  one  needs  to  increase  the  GaP 
concentration  at  the  doped  region.  The  Ga  composition  in  the  graded  barrier  is  shown 
schematically  in  fig  1(b).  The  resulting  conduction  band  profile  is  shown  schematically  in 
fig  1(c).  The  advantages  of  the  graded  barriers  are  obvious.  First  of  all  they  lead  to  the 
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enhanced  electron  sheet  density.  The  simple  analytical  model  [1]  showed  30%  increase  of 
the  carriers  in  the  channel.  Second,  material  can  be  strained  to  a  higher  value  where 
needed.  And  the  most  important  is  the  reduced  amount  of  parasitic  electrons  in  the  barrier. 


Rg.  1(a)  Conventional  MODFET  Conduction  Bond  Fig.  1(c)  Ideal  Conduction  Band 

after  Grading 

Fig.  1(b)  Grading  of  the  Ga  Composition  in  GalnP 


The  graded  barrier  MODFET  layer  structure  was  grown  at  the  Fraunhofer  Institute  [2].  An 
example  of  the  layer  structure  is  shown  in  table  1. 

Table  1.  Graded  barrier  MODFET,  layer  structure. 


Material 

In  Composition 

Description 

Doping 

10‘* 

Thickness 

(A) 

GaAs 

0 

Si  5 

200 

GalnP 

0.5 

Barrier 

n.i.d. 

106 

GalnP 

0.35 

Barrier 

n.i.d. 

30 

GalnP 

0.25 

Si  13 

24 

GalnP 

0.35 

n.i.d. 

30 

GalnP 

0.5 

n.i.d. 

10 

GaAs 

0 

Smoothing  Layer 

n.i.d. 

10 

GalnAs 

0.22 

Channel 

n.i.d. 

120 

GaAs 

0 

Buffer 

n.i.d. 

100 

The  Hall  measurements  are  shown  in  fig.2.  As  one  can  see  the  mobility  of  the  single  side 
doped  transistors  is  above  61(X)cm2A/s  and  for  the  double  side  doped  devices  with  graded 
channels  it  is  above  SSOOcm^A^s  at  room  temperature. 


5.  MODFET  fabrication  and  device  results 

MODFET  fabrication  was  done  in  a  standard  way  utilizing  the  GalnP  /  GaAs  system 
advantages.  Mesa  definition  was  carried  out  by  wet  etching.  An  acetic  acid  based  etchant 
was  chosen.  The  selectivity  between  GalnP  and  GaAs  was  1:1.  The  mesa  definition  was 
followed  by  ohmic  contact  formation.  Au/Ag/AuGe/Ni  metal  was  evaporated  for  the  ohmic 
contacts,  followed  by  rapid  thermal  annealing  for  10s.  Several  annealing  temperatures 
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Fig.  2  Hall  results  for  300K  (a)  and  77K  (b).  Graded  channel  mobilities  are  higher  at 


room  temperature. 

were  investigated  to  minimize  the  contact  resistance.  O.lSf^mm  ohmic  contacts  for  single 
side  doped  MODFETs  were  achieved  at  the  temperatures  between  390  and  400°C. 

0-1  —  0.25p.m  mushroom  gates  were  defined  using  electron  beam  lithography. 
Recess  etching  was  done  with  a  phosphoric  acid  based  solution.  The  selectivity  between 
GalnP  and  GaAs  is  >300.  Such  a  selectivity  cannot  be  achieved  for  AlGaAs/GaAs 
MODFETs. 

Device  results  are  shown  in  fig.  3.  The  single  side  doped  layer  design  was  optimized 
for  0.25|Jm  gate  length  MODFETs  which  have  good  DC  performance.  Fig.  3(a)  shows  the 
IV  curve  for  such  a  device.  The  saturation  current  is  nearly  640mA/mm  with  a  negligible 
gate  current  of  less  than  ImA/mm.  A  recent  publication  reported  saturation  currents  of  only 
550mA/mm  with  a  doped  channel  [5].  Rf  power  was  estimated  as  1/8-AI-AV.  It  is  as  high 
as  450m W/mm.  Future  transistor  designs  will  shift  the  threshold  voltage  towards  more 
positive  values  to  make  use  of  the  device’s  potential  for  power  applications.  The 
transconductance,  as  shown  in  fig.  3(b),  is  560mS/mm  with  a  drain  bias  of  1.5V  and  a 
current  of  224mA/mm.  With  the  output  conductance  of  15mS/mm  at  this  bias  point  a 
voltage  gain  of  about  37  is  achieved.  No  dispersion  was  observed  between  DC  and  RF 
data.  The  0.254m  gate  length  MODFETs  achieved  fp’s  about  70GHz.  Record  RF 
performance  for  this  material  system  can  be  reported  here  for  0.1  pm  devices  with  fx  = 
106GHz  and  fmax  =  188GHz.  With  an  optimized  design  for  short  gate  lengths  like  O.lpm 
fx  values  greater  200GHz  and  W  greater  300GHz  can  therefore  be  expected  soon. 

7.  Summary 

MODFETs  with  record  characteristics  for  the  GaInP/GaAs  system  were  successfully 
fabricated  and  tested.  The  device  structures  implement  new  ideas  of  graded  barriers.  The 
rf  power  of  450mW/mm  was  achieved.  The  carrier  sheet  density  of  the  2D  electron  gas  is 
as  high  as  3.1  10‘^cm'^  for  single  side  doped  MODFETs.  The  saturation  current  of  the 
devices  was  640mA/mm  with  a  negligible  gate  current  of  less  than  ImA/mm.  Record  RF 
performance  for  this  material  system  can  be  reported  for  O.lpm  devices  with  fx  =  106GHz 
and  fmax  =  188GHz.  Advantages  of  GalnP  over  AlGaAs  now  become  obvious. 
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ABSTRACT 

RF  triggering  of  oscillators  v/ith  series- 
connected  tunneling  diodes  was  shown  to 
be  an  effective  method  to  overcome  the 
biasing  problem  associated  with  the  DC 
instability  of  the  series  connection. 
Excitation  with  the  signal  of  frequency  as 
low  as  one-sixth  of  the  oscillation 
frequency  was  reported  so  far.  The 
experimental  demonstration  of  RF 
triggering  with  the  signal  at  frequency  as 
low  as  200  Hz  is  reported  here,  for  a  2 
GHz  oscillator  with  two  tunnel  diodes 
connected  in  series.  This  findings  show 
practically  that  there  is  no  lower  limit  on  the 
triggering  frequency,  as  long  as  triggering 
power  can  be  sufficiently  increased. 

INTRODUCTION 

A  Resonant  Tunneling  Diode  (RTD) 
can  generate  signals  at  frequencies  above 
700  GHz,  but  with  the  output  power  of  less 
than  a  [iW  [1].  Connecting  several  tunnel 
diodes  in  series  was  shown  to  be  a  feasible 
method  for  increasing  the  output  power  of 
oscillator  circuits  using  these  devices  at  low 
frequencies  [2].  Since  RTD's  and  tunnel 
diodes  exhibit  very  similar  behavior,  this 
scheme  was  also  proposed  to  increase  the 
power  of  RTD  oscillators  at  millimeter- 
wave  frequencies  [3].  As  was  originally 
observed  in  [2],  biasing  difficulties  are  the 
main  disadvantage  of  an  oscillator  with 
several  tunneling  (RTD  or  tunnel)  diodes 
connected  in  series.  If  a  DC  voltage 
sufficient  to  bias  all  tunneling  diodes  in  the 
middle  of  the  negative  differential  resistance 
(NDR)  region  is  applied  gradually,  the  DC 
instability  will  divide  this  voltage  so  that  all 
the  diodes  are  biased  in  the  positive 


differential  resistance  (PDR)  region.  An 
external  RF  source  may  be  used  to  switch 
the  bias  points  from  the  PDR  region  to  the 
NDR  region,  and  initiate  the  oscillation.  RF 
triggering  with  the  signal  of  frequency 
close  to  the  oscillation  frequency 
(fundamental  excitation)  was  originally 
proposed  in  [4].  Fundamental  excitation 
was  demonstrated  in  proof-of-principle 
experiments  at  microwave  frequencies,  for 
oscillators  with  two,  three  and  four  tunnel 
diodes  connected  in  series  [5,  6,  7]. 
Triggering  by  an  RF  signal  at  considerably 
lower  frequency  (subharmonic  excitation) 
was  also  proposed  [8],  and  experimentally 
demonstrated  [6].  Subharmonic  excitation 
was  reported  with  the  signal  at  frequency  as 
low  as  one-sixth  of  the  oscillation 
frequency  [6]. 

In  this  paper,  we  report  new 
experimental  findings  that  show  that  there 
is  no  lower  limit  on  the  frequency  of  the 
triggering  signal.  CW  signal  at  frequency 
as  low  as  200  Hz  was  successfully  used  to 
initiate  2  GHz  oscillation  in  an  oscillator 
with  two  tunnel  diodes  connected  in  series. 
This  low  frequency  triggering  may  be  very 
significant  for  the  generation  of  signals  at 
millimeter-  and  submillimeter-wave 
frequencies. 

THEORETICAL 

CONSIDERATIONS 

Series  connection  of  tunneling  diodes  is 
initially  biased  with  a  DC  battery,  with  a 
voltage  sufficient  to  bias  all  diodes  in  the 
middle  of  the  NDR  region.  In  this  state  all 
diodes  are  biased  in  the  PDR  region,  and 
conductive  currents  through  all  diodes  are 
equal.  When  an  RF  signd  is  applied,  the 
DC  components  of  the  conductive  currents 
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will  change  due  to  the  high  nonlinearity  of 
tunneling  diode  I-V  curve.  This  change  in 
current  will  initiate  the  motion  of  DC  bias 
points  towards  the  NDR  region  [6].  If  the 
triggering  signal  has  a  sufficiently  large 
power,  diode  bias  points  will  eventually 
switch  to  the  NDR  region.  After  the 
triggering  signal  is  turned  off,  oscillation 
may  build-up  and  sustain,  depending  on 
initial  conditions  in  the  circuit.  In  some 
cases,  oscillation  signal  already  exists 
during  excitation,  which  makes  it  easier  for 
the  oscillation  to  be  sustained  [9].  The  exact 
mechanism  through  which  an  oscillation 
builds-up  and  sustains  will  be  published 
later. 

Signal  at  any  frequency  may  be  used  to 
switch  the  bias  points  from  the  PDR  to  the 
NDR  region,  provided  that  sufficient  power 
is  appli^.  Voltage  amplitude  on  each  diode 
during  excitation  has  to  be  sufficiently  large 
to  trigger  and  carry  on  the  rectification 
process.  At  very  low  frequencies,  another 
phenomena  will  constrain  the  excitation 
power.  Even  though  a  single  tunneling 
diode  does  not  have  a  lower  limitation  on 
the  oscillation  frequency,  series  connection 
exhibits  a  low  frequency  cutoff  associated 
with  the  DC  instability  [10].  At  frequencies 
below  this  low  frequency  cutoff  bias  points 
cannot  be  maintained  in  the  NDR  region 
during  free-running  oscillation.  However, 
if  an  RF  signal  of  such  a  low  frequency  is 
applied  externally,  bias  points  can  be 
maintained  in  the  NDR  region  provided  that 
voltage  amplitude  on  each  diode  is  large 
enough.  Therefore,  signals  of  frequencies 
below  the  low  frequency  cutoff  can  be  used 
for  triggering,  but  required  power  will  be 
very  high. 

EXPERIMENTAL  RESULTS 

Since  RTD’s  were  not  available,  back 
tunnel  diodes  manufacmred  by  Metelics 
Co.  (M1X1168)  were  used  for  the 
experiment.  Tunnel  diode,  oscillator 
configuration  and  experimental  set-up  are 
described  in  detail  in  [5,6].  Several 
oscillators  were  designed  at  2  GHz  with 
two  series-connected  tunnel  diodes,  for 
oscillation  amplitudes  between  0.14  V 
which  is  the  minimum  oscillation  amplitude 
[10],  and  0.176  V  at  which  negative 


differential  conductance  approaches  zero. 
The  RF  excitation  signal  is  applied  to  the 
oscillator  circuit  through  a  circulator.  An 
HP  8350B  sweep  oscillator  with  HP 
83592C  plug-in  was  used  as  an  external  RF 
source  for  excitation  frequencies  above  1 
MHz.  Waveteck  programmable  waveform 
generator,  model  154,  was  used  to  supply 
the  excitation  signal  at  lower  frequencies. 
The  oscillator  signal  was  detected  by  an  HP 
8562A  spectrum  analyzer.  By  monitoring 
current  through  diodes,  it  was  possible  to 
determine  when  bias  points  switched  to  the 
NDR  region. 

Excitation  was  attempted  with  signals 
of  frequencies  below  100  MHz.  Similarly 
as  for  subharmonic  excitation  reported  in 
[6],  low  frequency  excitation  was  possible 
in  all  circuits  but  for  circuit  which  was 
designed  for  the  smallest  oscillation 
amplitude  of  0.14  V  (circuit  2D2  in  [6]). 
Switching  of  bias  points,  judged  by  a 
current  level,  was  possible  with  any 
frequency  in  all  circuits  provided  that 
power  level  was  adjusted.  In  all  cases, 
oscillation  was  not  always  sustained,  and 
the  probability  of  successful  excitation  was 
very  much  dependent  on  the  excitation 
power.  As  discussed  previously,  for  each 
frequency  there  is  a  low  power  limit  below 
which  switching  cannot  happen.  As 
triggering  power  increases,  switching 
happens  always,  and  probability  of 
sustained  oscillation  increases  to  a  certain 
point.  During  excitation,  different  spectrum 
is  observed  as  a  function  of  triggering 
frequency  and  power. 

Fig.  1  shows  the  spectrum  of  the 
triggering  signal,  for  the  triggering 
frequency  of  1.767  MHz,  and  the 
triggering  power  of  5  dBm.  At  such  low 
frequencies  signal  generator  produces  high 
harmonics,  but  they  are  still  about  20  dB 
lower  than  the  fundamental  and  should  not 
affect  the  excitation.  Power  shown  in  the 
spectrum  is  the  power  reflected  from  the 
oscillator,  and  therefore  considerably  lower 
than  5  dBm  (-12  dBm).  There  is  also  about 
3  dB  loss  in  the  measurement  system.  Fig. 
2  shows  the  oscillator  spectrum  during  and 
after  triggering  with  the  signal  of  frequency 
1.767  MHz,  for  the  circuit  designed  at  the 
oscillation  amplitude  of  0.176  V  (circuit 
2D5  in  [6]).  Since  triggering  frequency  is 
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thousand  times  lower  than  the  oscillation 
frequency,  oscillator  signal  is  shown  on  a 
different  scale.  For  the  triggering  power  of 
-10  dBm,  oscillation  signal  is  present 
during  excitation  (Fig.  2(a)).  This  signal  is 
stable  but  not  clean,  it  is  about  6  dB  lower 
in  power  than  the  free-running  oscillation 
signal  and  its  frequency  is  somewhat  lower 
than  the  free-running  frequency  (Fig.  2 
(c)).  For  the  triggering  power  of  5  dBm, 
oscillation  signal  at  2.042  GHz  is  clearly 
visible  during  excitation,  but  there  is  also  a 
stronger  component  at  1.957  GHz.  During 
triggering,  power  is  exchanged  between 
these  two  spectral  lines,  and  their 
frequencies  also  shift  slightly.  Fig.  2(b) 
shows  one  snapshot  of  the  spectrum  for 
such  a  case. 

After  the  triggering  signal  was  turned 
off,  oscillation  was  not  always  present  in 
the  circuit.  Experiment  was  repeated  at  least 
twenty  times  for  each  triggering  power,  to 
determine  the  probability  of  the  sustained 
oscillation.  For  the  triggering  power  from 
-15  dBm  to  -10  dBm,  probability  was 
about  10  %.  As  triggering  power  was 
increased,  probability  gradually  increased 
to  about  50  %,  at  -4  dBm.  As  power  was 
further  increased,  probability  started  to 
decrease,  and  at  5  dBm  it  was  about  30  %. 
Once  initiated,  the  output  signal  of  the 
oscillator  was  completely  independent  of 
the  excitation  signal  power  and  frequency 
(Fig.  2(c)). 
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Fig.  2  Oscillator  signal  during  uiggering  with  the 
Fig.  1  Spectrum  of  the  triggering  signal  of  signal  of  frequency  1.767  MHz  and  power 

frequency  1.767  MHz  and  power  of  5  of  (a) -10  dBm  and  (b)  5  dBm,  and  (c)  after 

dBm.  the  triggering  signal  was  turned  off. 
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Excitation  was  possible  with  the  signal 
of  frequency  as  low  as  200  Hz,  with  the 
probability  of  about  30  %.  At  this 
frequency  maximum  power  that  can  be 
supplied  by  Waveteck  generator  was  used 
(9.99  V  of  peak-to-peak  amplitude  if 
delivered  to  50  Q),  and  therefore  lower 
frequency  excitation  could  not  be  tested. 
During  excitation  with  the  signal  at 
frequency  of  200  Hz,  oscillator  signal  was 
always  present,  and  it  exhibited  chaotic 
behavior.  Frequency  and  power  of  the 
spectral  components  were  constantly 
changing,  with  some  components 
temporarily  disappearing. 


CONCLUSIONS 

RF  triggering  is  an  efficient  method  to 
circumvent  the  biasing  problem  of  series- 
connected  tunneling  diode  oscillators.  We 
reported  new  experimental  findings  that 
show  that  there  is  no  lower  limit  on  the 
triggering  frequency,  as  long  as  triggering 
power  can  be  sufficiently  increas^.  CW 
signal  at  frequency  as  low  as  200  Hz  was 
successfully  used  to  initiate  2  GHz 
oscillation  in  an  oscillator  with  two  tunnel 
diodes  connected  in  series.  In  this  case, 
excitation  frequency  is  not  related  to  the 
oscillation  frequency,  and  therefore  it  does 
not  necessarily  increase  as  oscillation 
frequency  increases.  Even  though  this  low 
frequency  triggering  is  not  100  % 
repeatable,  it  still  may  be  useful  for  the 
generation  of  signals  at  millimeter-  and 
submillimeter- wave  frequencies. 
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Semi-classical  effects  of  ballistic  electrons  in 

Schottky  diodes 

D.  W.  van  der  Weide 


Abstract —  Modern  small  Schottky  diodes  have  anode  di¬ 
ameters  d  ~  20Ajr,  the  electron  Fermi  wavelength  in  the 
semiconductor,  and  hence  may  exhibit  indirect  evidence  of 
an  electron  standing-wave  effect  at  room  temperature  under 
AC  stimulus.  They  can  thus  be  modeled  as  dynamic  Sharvin 
point  contacts  (using  only  d  and  Xp)  to  get  a  frequency- 
scaled  bias  current  for  lowest  noise.  Published  observations 
of  this  bias  condition  are  well-predicted  by  this  new  model. 


L  Introduction 

Much  attention  lately  has  been  focused  on  structures 
and  conditions  in  which  electron  transport  is  quan¬ 
tized  [1].  For  cases  in  which  a  geometrical  constriction  in 
a  conductor  gives  rise  to  quantized  conduction,  the  Fermi 
wavelength  of  the  electrons  Aj?  is  typically  on  the  order 
of  the  width  of  the  constriction  d,  while  the  elastic  mean- 
free  path  of  electrons  U  is  long  compared  to  the  length 
of  the  constriction  L  These  conditions  for  “ballistic  quan¬ 
tum  transport”  [2]  often  involve  using  patterned  semicon¬ 
ductor  heterostructures  at  cryogenic  temperatures;  they 
rely  on  twodimensional  (2-D)  electron  reservoirs  connected 
by  one-dimensional  (1-D)  constrictions. 

Ballistic  electrons  those  which  undergo  no  inelastic 
scattering  events  and  maintain  their  phase  coherence[3] — 
can  also  be  prepared  in  bulk  (3-D)  semiconductors.  For 
GaAs,  the  techmque  of  “hot-electron  spectroscopy”  [4] 
shows  T  =  4.2  K  ballistic  transport,  while  at  T  =  300  K, 
Fermi  velocities  are  at  least  2  x  10^  cm/sec  and  character¬ 
istic  times  for  LO  phonon  relaxation  have  been  measured 
at  <  200  X  10~^^  sec [5],  which  would  give  a  “ballistic  hori¬ 
zon”  of  ~  400  A.  For  most  experiments,  this  length  is  too 
short  to  directly  observe  effects  of  room-temperature  quan¬ 
tized  transport  through  a  constriction  at  DC;  indeed,  con¬ 
ductance  steps  of  the  “Coulomb  stadrcase”  in  1-D  quan¬ 
tum  point  contacts[6]  are  thermally  smeared  out  even  at 
T  <  10  K[2],  so  at  room  temperature  one  expects  the  DC 
conductance  to  be  ensemble-averaged  to  a  bulk,  macro¬ 
scopic  value. 

In  short,  experiments  seeking  direct  evidence  of  qu2m- 
tized  conduction  have  most  often  been  performed  at  cryo¬ 
genic  temperatures  on  patterned  heterostructures  at  DC. 
Here  I  point  out,  however,  that  an  indirect  observation  of 
phase-coherent  3-D  electrons  traversing  a  2-D  constriction 
can  be  (and  likely  has  been(7])  made  at  room-temperature 
under  A  C  stimulus,  specifically  under  conditions  for  high¬ 
est  sensitivity  (i.e.  lowest  noise)  operation  in  small  (diam¬ 
eter  d  <  1  /zm)  n-type  GaAs  Schottky  mixer  diodes.  Such 
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diodes  are  widely  used  in  receivers  for  radio  astronomy  [7], 
[8]  because  they  have  junction  capacitances  Cj  ^10“^®  F, 
together  with  low  series  resistance  i?,  resulting  in  RC  cut¬ 
off  frequencies  on  the  order  of  10^^  Hz.  Despite  their  im¬ 
portance,  however,  a  complete  picture  of  the  conduction 
mechanism  in  such  Schottky  contacts  has  yet  to  emerge. 

II.  Dynamic  Sharvin  Point  Contact  (DSPC) 
Model 

For  operation  as  a  mixer  (multiplying  two  high  frequen¬ 
cies  to  get  the  difference)  or  as  a  detector  (rectifying  only 
one  frequency  for  DC  output),  a  small  Schottky  diode  is  bi¬ 
ased  to  near-forward  conduction  (“flat-band”).  As  shown 
in  Fig.  1,  an  AC  electric  field  at  frequency  u  applied  across 
the  diode  (here  via  antenna  coupling)  drives  it  from  re¬ 
verse  bias  into  forward  conduction  with  period  l/i/.  For 
this  DSPC  model,  AC  conduction  current  I  arises  from  a 
packet  of  N  ballistic  electrons  accelerated  from  the  edge 
of  the  depletion  region  in  the  semiconductor  bulk  through 
the  small  Schottky  contact,  a  2-D  constriction  whose  length 
I  <  Xp  QJid  whose  diameter  d  ~  20A/?.  Like  an  over-moded 
microwave  waveguide[9],  spin-paired  electron  waves  should 
form  transient  2-D  conduction  channels  in  the  constriction 
up  to  JVc/i,  the  maximum  number  determined  by  d  and 

=  2'k/Xf  (set  by  doping  density  in  the  semiconduc¬ 
tor  nj),  beyond  which  point  excess  electrons  are  reflected 
back  into  the  semiconductor,  a  noisy  process  of  inelastic 
scattering.  If  iNT  <  Nmax  =  2Nch,  however,  the  signal  cur¬ 
rent  could  still  be  increased  by  changing  J-bias  and/or 
Vrad,  the  amplitude  of  the  AC  electric  field  (Fig.  1).  Thus, 
by  varymg  these  three  parameters  (which  can  be  done  in¬ 
dependently  and  with  considerable  precision),  one  would 
expect  to  measure  an  optimum  diode  current  at  highest 
sensitivity, 

lopt  —  Q^max^i  (1) 

where  q  is  the  electronic  charge.  At  this  optimum,  a  count¬ 
able  number  {Nmax  ^  10^)  of  electrons  should  traverse  the 
diode  junction  with  period  l/i/,  independent  of  i/.  Equa¬ 
tion  1  has  in  fact  been  reported  for  different  n-type  GaAs 
Schottky  mixer  diodes  by  Roser  et  a/.[7],  [10]  over  a  very 
wide  frequency  range,  3  GHz  <  z/  <  3  THz.  Attempting 
to  increase  diode  current  beyond  will  increase  inelas¬ 
tic  scattering,  hence  also  junction  shot  noise[ll].  Mixing 
sensitivity  thus  decreases  with  more  inelastic  collisions  and 
resultant  heating;  if  the  current  density  and  voltage  in  these 
small  diodes  is  not  limited  to  <  10®  A/cm^  (  1  mA  for 

the  “1T15”  diode  1ype(12])  and  Vmm  <  20%  above  flat- 
band[8],  sensitivity  is  permanently  lowered.  By  contrast, 
when  N  =  Nmax  for  coherent  transport  through  a  constric- 
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Fig.  1.  Band  diagram  of  a  Schottky  diode  under  near-forward  bias, 
together  with  external  circuitry  to  form  a  frequency  mixer;  the 
output  current  appears  as  a  signal  on  Rioad'  Also  shown  is  the  tip 
of  a  wire  antenna,  which  acts  as  a  tiansducer  of  incoming  high- 
frequency  radiation  to  modulate  the  conduction-band  energy  at 
the  junction,  Bcj^  with  AC  voltage  This  modulation  peri- 
odicaUy  create  a  depletion  region  of  depth  The  Schottky 
contact  is  deliberately  depicted  as  having  a  short  transition  re¬ 
gion  [24],  and  the  diode  backside  contact  is  indicated  as 

tion,  Landauer  and  Martin[13]  argue  that,  because  elec¬ 
trons  obey  Fermi  statistics,  “a  fully  occupied  set  of  states, 
within  a  given  energy*'  range,  is  noiseless.”  They  argue  fur¬ 
ther  that  Coulomb  repulsion  tends  to  “smooth  out”  the 
current  flow  through  a  constriction;  both  arguments  rein¬ 
force  the  observations  in  [7]  and  this  DSPC  model. 

The  umversality  of  this  AC  effect  is  supported  by  sim¬ 
ilar  observations  of  maxima  in  the  responsivity  7(14]  of 
metal-insulator-metal  (MIM)  diodes[15].  While  the  peak 
7  of  MIM  diodes  is  lower  than  that  of  Schottky  diodes, 
it  is  a  weak  (nearly  fiat)  function  of  frequency  from  0.6- 
30  THz,  while  peak  7  of  a  Schottky  diode  rolls  off  at 
^  20  dB/decade  at  higher  presumably  because  of  com¬ 
paratively  large  parasitic  resistances  of  the  semiconductor 
and  its  ohmic  contact[16]  (see  Fig,  1). 

III.  Development  of  the  DSPC  Model 

Now  I  explain  and  model  this  effect  as  a  dynamic  Sharvin 
point  contact  (DSPC).  The  semi-classical  conductance  ob¬ 
tained  by  Sharvin(17]  of  a  2-D  constriction  connecting  two 
ideal  conductors  is  often  cited  in  the  study  of  mesoscopic 
systems[18]  and  point-contact  spectroscopy  of  metals[19]. 
The  constriction  and  kp  give  rise  to  a  limited  number  of 
conductance  channels  each  channel  having  conduc¬ 


tance  Gch  =  ignoring  spin. 

The  condition  of  ballistic  transport  needs  closer  exami¬ 
nation,  and  might  seem  diflScult  to  achieve  in  a  real  device 
at  room  temperature [9],  though  most  discussions  of  t.hig 
topic  implicitly  assume  quasi-DC  measurements  whereas  I 
describe  an  AC  effect.  The  semiconductor  part  of  the  diode 
at  fiat-band  bias  provides  electrons  via  diffusion  from  the 
backside  contact  to  the  edge  of  the  depletion  region.  There, 
the  electric  field  periodically  accelerates  electrons  through 
the  constriction  in  a  time  less  than  that  for  inelastic  scat¬ 
tering.  Such  collisions  could  be  with  longitudinal  optical 
phonons  (at  =  0.035  eV  in  GaAs[20]),  electron-electron 
collisions  (less  likely  in  highly-doped  semiconductors  due 
to  screening[21]),  impurity  scattering  (dependent  on  mate¬ 
rial  quality),  and  roughness  at  the  perimeter  of  the  anode 
(dependent  on  the  fabrication  process  and  difficult  to  pre¬ 
dict).  With  impurity  scattering,  the  above-mentioned  “bal¬ 
listic  horizon”  of  ^  400  A  could  be  somewhat  shorter [22], 
but  still  exceeds  the  depletion  depth  from  which  electrons 
travel  to  the  junction  (l^cpi  «  310  A  for  the  “1112”  diode 
type[7]).  Finally,  cryogenic  cooling  of  the  diodes  has  only 
a  minimal  effect  on  the  measured  noise[23],  so  it  is  reason¬ 
able  to  suppose  that  the  electrons  are  already  ballistic  at 
room  temperature. 

There  are  “non-idealities”  in  the  metal-semiconductor 
diode  which  could  actually  reinforce  the  effect.  The  in¬ 
terface  between  a  metal  and  a  compound  semiconductor 
is  not  abrupt  on  the  10-100  A  scale — ^though  still  shorter 
than  Xf — but  rather  encompasses  an  extended  region  of 
metai-induced  gap  states  [24],  [25],  as  indicated  in  Fig.  1. 
This  DSPC  model  draws  on  the  analogy  between  the  modes 
in  a  microwave  waveguide  and  the  electronic  eigenstates  in 
the  constriction[9]:  the  scattering  of  electrons  back  into  the 
semiconductor  (where  their  phase  would  be  destroyed  by 
the  thermal  bath)  could  be  suppressed  in  part  due  to  t.hk 
smoother  transition,  in  a  manner  analogous  to  a  dielectric 
“matching  layer”  which  slows  electromagnetic  waves  and 
reduces  reflections.  My  simple  model  has  also  ignored  the 
mismatch  in  electron  effective  masses  between  the  metal 
and  the  semiconductor[26],  but  these  two  “non-idealities” 
in  fact  may  lengthen  the  time  the  sheet  of  ballistic  electrons 
spends  in  the  constriction. 

Thus,  for  the  DSPC  model  I  assume  an  ideal  2-D  con¬ 
striction  with  no  inelastic  scattering  (in  particular  no 
backscattering)  for  packets  of  ballistic  electrons  with  N  < 
^maxi  and  ignoring  higher-order  terms  due  to  perimeter 
roughness  and  to  fluctuations  of  geometry  (which  are  neg¬ 
ligible  for  the  diodes  here)[27],  I  calculate  both  lopt  and 
the  d3aiaimc  junction  conductance  Gch  resulting  from  the 
Nch  conduction  channels;  because  I  <  Xp  in  the  constric¬ 
tion,  only  two  electrons  per  channel  are  allowed  during  the 
conduction  event. 

To  find  Nchi  I  calculate  kp  in  the  3-D  bulk  by  assuming 
all  states  below  Ep  are  filled;  the  heavy  doping  of  the 
epitaxial  layer  makes  this  zero-temperature  argument  more 
plausible[21]: 


2  4ir 
(27r)3  3 


kp  =  Tid. 
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Fig.  2.  Comparison  of  optimum  mixing  current  lopt  from  DSPC 
model  to  measured  data.  Data  for  diode  type  “1T15”  from  [10]; 
other  data  from  [7].  What  appear  as  error  bars  are  in  fact  “tuning 
ranges”  [7]  over  which  lowest  noise  in  mixing  changes  by  <  10  %. 


^  project  this  3~D  kp  onto  the  2-D  area.  S  of  the  (junction) 
constriction,  which  limits  the  areal  density  of  conductance 
channels,  rich- 

1  ,2 

(27r)2^^^  ” 

Finally,  Nch  =  Srich- 

Using  this  model,  I  calculate  I^pt  for  four  different  diode 
types  according  to  Eq.  1  and  compare  the  results  to  mea¬ 
sured  data  in  Fig.  2.  As  expected,  agreement  of  the 
model  with  the  data  is  better  for  smaller,  more  highly- 
doped  diodes,  while  for  the  larger,  lower-doped  diode 
types,  the  data  deviate  systematicadly  from  the  frequency- 
independent  DSPC  model.  This  deviation  could  result 
from  more  inelastic  collisions  due  to  Idepi  >  It  arising  from 
the  lower  rid  of  these  diodes.  Numerical  details  are  given 
in  Tables  I  and  II. 

The  DSPC  model  can  also  be  used  to  calculate  a  dynamic 


TABLE  I 

Diode  parameters:  doping  level  near  the  junction  is  n^; 
SCHOTTKY  contact  DIAMETER  \B  d\  kp  IS  CALCULATED  FROM  hj. 


Diode  tjrpe 

rid 

d  (/nn) 

kp  (cxn~^) 

1T15 

1.0xl0^« 

0.25 

3.90x10"'’ 

1112 

4.0x10^^ 

0.45 

2.87x10"'’ 

117 

3.0x10^' 

0.8 

2.61x10"'’ 

1J118 

2.0x10^^ 

1.0 

1.81x10"'’ 

TABLE  n 

DSPC  MODEL  RESULTS:  71^^  FROM  kp  ImlJk  AND  EQ.  3:  ATmox 
RESULTS  FROM  rich  AND  JUNCTION  AREA;  lopt  RESULTS  FROM  Eq.  1 
AT  i/  =  lOOO  GHz. 


Diode  type 

rich  (cm”^) 

^max 

lopt 

1T15  - 

12.1x10^^ 

1190 

190 

1112 

6.56x10^^ 

2090 

330 

117 

5.42x10“ 

5450 

870 

1J118 

2.60x10“ 

4090 

660 

junction  conductance. 


If  each  channel  is  independent  and  effective,  the  series  re¬ 
sistance  due  to  the  channels  is  the  reciprocal  of  Eq.  4;  this 
should  be  a  measurable  fraction  of  the  total  diode  series 
resistance[16).  Strictly  speaking,  this  expression  assumes 
the  cross-sectional  area  of  the  constriction  S  =  7r(d/2)^  ^ 
/g[18].  This  is  not  the  case  here,  since  for  gold  at  room 
temperature,  «  400  A,  and  for  the  diodes,  <  500  A, 
while  0.25  <d  <  1.0  /xm.  However,  I  take  the  condition  of 
baJlistic  longitudinal  transport  as  the  most  important  one 
for  AC  operation. 

In  summary,  I  have  proposed  that  a  semi-classical  ef¬ 
fect  of  periodically-created  electron  standing  waves  is  re¬ 
sponsible  for  the  observation  of  systematic  conditions,  for 
peak  sensitivity  in  small  Schottky  mixer  diodes.  I  have 
developed  a  d3aiamic  Sharvin  point  contact  model  whose 
results  agree  quite  well  with  measured  data  from  different 
devices,  so  it  appears  the  effect  falls  in  the  “middle  ground” 
between  transport  which  is  completely  coherent  and  that 
which  is  completely  incoherent  [9]:  transport  coherent  on  a 
short  time  scale. 

IV.  Conclusions 

While  the  DSPC  model  shows  that  today’s  small¬ 
est,  most  highly-doped  GaAs  diodes  probably  attain 
geometrically-limited  maxima  in  sensitivity  (given  na),  it 
also  suggests  that  slight  improvements  might  come  from 
whatever  would  reduce  inelastic  scattering  near  flat-band 
conditions,  such  as  smoother  anode  perimeters  or  fewer  im¬ 
purities.  Other  materials  with  longer  at  room  temper¬ 
ature,  such  as  InP,  may  enable  diode  designers  to  reduce 
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dynamic  capacitance  by  allowing  lower  doping  levels  and 
longer  Id^pi  while  still  achieving  transient  ballistic  trans¬ 
port. 

Second,  with  this  AC  model  it  is  no  longer  clear  what 
role,  if  any,  is  played  by  the  (disordered)  contacts;  their  role 
in  quasi-DC  transport  has  been  the  subject  of  much  dis- 
cussion[28].  Since  this  effect  is  dynamic,  and  the  electron 
standing  waves  are  only  transient  entities,  their  interaction 
with  the  originating  Fermi  sea  may  no  longer  be  important. 

Finally,  determination  of  iVinox  via  peak  sensitivity  could 
be  a  interesting  new  probe  of  high-frequency  transport  in 
metal-semiconductor  contacts  since  the  wire  antenna  as 
a  field  transducer  enables  such  a  wide  range  of  energetic 
stimulus.  One  could  effectively  measure  for  example  by 
raising  the  temperature  of  the  diode  while  monitoring  this 
effect,  looking  for  a  significant  increase  in  noise  due  to  loss 
of  ballistic  conditions. 
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Introduction 

The  design  of  nonlinear  circuits  including  frequency  multipliers  requires  an  understanding  of  the  strong 
interaction  between  the  nonlinear  active  device  and  its  linear  embedding  circuit.  Our  approach  to  the 
analysis  and  design  of  high  frequency  nonlinear  circuits  uses  a  physics-based  numerical  device  model  coupled 
with  a  harmonic-balance  circuit  analysis  technique.  Recently  novel  device  simulators  have  been  designed 
for  generic  InGaAs/InP  and  GaAs/InGaAs/AlGaAs  Heterostructure  Barrier  Varactors  (HBVs)  [1],  for 
GaAs  Schottky  Barrier  Varactors  (SBVs)  [2],  and  for  InP,  GaAs,  and  GaN  Transferred  Electron  Oscillators 
(TEOs)  [1,3].  In  this  paper  we  report  on  a  robust  simulator  which  has  been  developed  for  GaAs  and  InP 
SBV  frequency  multipliers  with  arbitrary  doping  profiles.  The  large-signal  time-  and  temperature-dependent 
numerical  device  simulator  facilitates  a  self-consistent  analysis  with  good  convergence  properties  and  speed. 
The  novel  and  efficient  harmonic-balance  circuit  simulation  technique  is  specifically  designed  to  expedite 
the  inclusion  of  a  numerical  device  simulator.  The  use  of  the  numerical  device  model  in  conjunction  with 
the  harmonic-balance  circuit  model  allows  co-design  from  both  a  device  and  circuit  point  of  view. 

Frequency  Multiplier  Simulation 

Numerical  Device  Simulation  Technique 

Carrier  transport  through  the  bulk  region  of  the  SBV  has  been  described  [2]  by  a  set  of  coupled 
nonlinear  differential  equations.  The  numerical  device  simulator  is  based  on  the  first  two  moments  of  the 
Boltzmann  transport  equation  coupled  to  Poisson’s  equation.  The  resulting  equations  are 

dn(x,t)  _  1 

dt  q  dx  ’ 

0(|)  (x,t) 

=  {x,t)n{x,t) — - ,  (2) 

dx 

and 

(3) 

ox  dx 

where 

n{x,t)  =n. ^xp  ■^{^{x,t)  (x)  -4)„(x,f))  ,  (4) 

and  where  n  is  the  electron  density,  q  is  the  electron  charge,/,  is  the  electron  particle  current  density,  <[)„ 
is  the  elearon  quasi-Fermi  potential,  ij;  is  the  electrostatic  potential,  n^r^is  the  intrinsic  electron  density  in 
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the  reference  material  (GaAs  or  InP),  k  is  Boltzmann’s  constant,  Tis  absolute  temperature,  and 

and  e  are  the  spatially-dependent  alloy  potential  [4],  electron  mobility,  donor  impurity  concentration,  and 

dielectric  permittivity,  respectively. 

In  an  attempt  to  account  for  hot  electron  effects  and  high-field  velocity  saturation  effeas,  field-  and 
temperature-dependent  mobility  is  considered  here.  Mobility  values  were  computed  from  three-valley 
Monte  Carlo  simulations  under  static  electric  field  conditions  [3].  These  static  mobility  values  differ 
somewhat  from  the  high-frequency  values,  but  give  a  good  approximation  compared  to  low  field  values  and 
yield  significant  insight  into  the  physics  of  electron  transpon.  For  InP  and  GaAs,  mobility  values  were 
obtained  at  50  degree  increments  from  300  to  500  K,  for  fields  of  1  to  100  kV/cm  with  uniform  doping 
concentrations  of  1  x  10^^  cm’^  5  x  lO^^cm'^,  1  x  10^^cm‘^  and  5  x  10^^cm‘^ 


The  transport  equations  are  solved  at  discrete  points  throughout  the  device  using  a  finite-difference 
approximation  to  the  differential  equations  over  a  user-defined  mesh.  The  total  device  current  density  is  the 
sum  of /„  and  where  the  displacement  current  density,  is  given  by 


d 

dt 

dx 

(5) 


For  accurate  modeling  of  SBVs,  current  transport  through  the  device  btilk  is  combined  with  thermionic 
and  thermionic-field  emission  current  imposed  at  the  metal-semiconductor  contact.  This  approach  is 
analogous  to  the  analytical  thermionic-emission/diffusion  theory  of  Crowell  and  Sze  [5],  Following  the 
work  of  Adams  and  Tang  [6,7],  we  have  adopted  a  current  density  boundary  condition  at  the  metal- 
semiconductor  interface  which  assumes  a  drifted  Maxwellian  electron  distribution  at  the  interface.  This 
boundary  condition  allows  us  to  avoid  the  unphysical  accumulation  of  elearons  at  the  metal-semiconduaor 
interface  above  the  flat-band  voltage.  The  resulting  current  density  interface  constraint  at  x=0  is 

}„{0,t)=qVrJn{0,t)-n)  (6) 


where  n(0,t)  is  the  electron  density  at  the  metal-semiconductor  interface  and  is  the  equilibrium  electron 
density  at  the  interface.  The  effective  surface  recombination  velocity  for  electrons  is 


V  =v 

r,n  a 
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f2;n-] 

2kT 

exp 

kT] 

\  nm ' 


1  +erf[  V 


2m  ’ 


kT  ) 


(7) 


where  rn  is  the  effective  electron  mass  at  the  metal-semiconductor  interface.  The  amount  of  drift  in  the 
electron  distribution  at  the  metal-semiconductor  interface  is  modeled  as 


qniO,t)' 


(8) 


The  electrostatic  potential  at  the  metal-semiconductor  interface,  assuming  a  constant  potential  of  zero  for 
the  metal,  is 


C^cf 


) 


(9) 


where  Xref  the  electron  affinity  in  the  reference  material,  O  is  the  metal  work  function,  and  is  the 
total  effective  conduaion  band  density  of  states  in  the  reference  material.  The  barrier  height  at  the  metal- 
semiconduaor  interface,  ({)^,  is  given  by  the  first  term  in  equation  (9)  multiplied  by  the  electronic  charge. 
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This  barrier  height  is  lowered  due  to  the  Schottky  effect  by  the  amount 


where  ^(0,t)  is  the  electric  field  at  the  metal-semiconductor  interface.  Tunneling  of  electrons  also  introduces 
a  barrier  height  reduction  term.  The  barrier  height  reduction  [8]  is  given  by 

(11) 

where  ^  is  the  total  electric  field  in  the  barrier,  and  Ax^  is  a  fixed  critical  tunneling  width. 

Through  careful  investigation  of  solution  methods  we  have  developed  a  robust  method  with  excellent 
numerical  convergence  and  good  speed.  For  ease  of  combining  the  numerical  device  simulator  with  a 
harmonic-balance  analysis  technique,  the  state  variables  <j)„,  i|/,  and  D  are  used.  The  carrier  transport 
equations  are  solved  for  a  given  bias  voltage,  and  subject  to  the  metal-semiconductor  interface  constraints 
and  an  ohmic  contact  boundary  condition,  using  the  coupled  equation  Newton-Raphson  method. 

Harmonic-Balance  Circuit  Analysis  Technique 

The  novel  harmonic-balance  circuit  analysis  utilized  in  our  simulator,  termed  the  Accelerated  Fixed- 
Point  (AFP)  method,  is  derived  from  the  multiple  reflection  algorithm  [9].  One  period  of  the  time-domain 
current  through  the  device,  calculated  by  the  numerical  device  simulator,  is  used  in  the  harmonic-balance 
analysis.  For  SB  Vs,  as  well  as  for  TEOs,  six  harmonic  components  of  the  current  plus  the  DC  term  are 
extracted  from  the  time-domain  total  current  waveform  using  a  discrete  Fourier  transform.  Thirteen 
harmonics  plus  the  DC  term  are  utilized  for  HBVs.  The  AFP  method  [10]  is  then  used  to  update  the  total 
voltage  applied  across  the  active  region  of  the  device  in  terms  of  the  circuit  embedding  impedances,  the 
harmonic  components  of  the  current,  and  the  harmonic  components  of  the  voltage  from  previous 
iterations.  This  iterative  process  is  repeated  until  the  harmonic  components  of  the  voltage  converge  to  their 
steady-state  values.  The  AFP  method  utilizes  the  fact  that  the  nonlinear  device  impedance  will  equal  the 
negative  of  the  linear  embedding  impedance  of  the  circuit  for  each  of  the  undriven  harmonics  in  steady-state. 
Frequency-dependent  parasitic  impedances,  external  to  the  active  region  of  the  device  and  similar  to  those 
of  [9],  are  included  in  the  analysis  as  additional  contributions  to  the  linear  embedding  circuit. 

Results 

Good  correlation  has  been  achieved  between  the  SBV  hydrodynamic  device  simulator  utilizing  field-  and 
temperature-dependent  mobility  and  experimental  I-V  results  for  the  UVA  6P4  GaAs  SBV  frequency 
doubler.  The  experimental  UVA  6P4  output  power  versus  incident  pump  power  is  shown  in  Figure  1  for 
a  pump  frequency  of  100  GHz.  This  figure  also  shows  the  simulated  results  obtained  from  the  harmonic- 
balance  circuit  analysis  coupled  to  both  the  analytical  and  hydrodynamic  device  models.  Results  from  the 
hydrodynamic  device  model  using  field-  and  temperature-dependent  mobility  and  constant  electron 
mobility  are  shown. 

Conclusions 

An  efficient  and  accurate  large-signal  time-  and  temperature-dependent  simulator  for  SBV  frequency 
multiplier  circuits  has  been  developed  by  combining  a  physics-based  numerical  device  model  with  a 
harmonic-balance  circuit  analysis  technique.  We  have  demonstrated  the  use  of  this  analysis  and  design  tool 
in  the  simulation  of  the  UVA  6P4  GaAs  SBV  frequency  doubler.  Overall,  this  approach  allows  for  the  self- 
consistent  analysis  of  the  nonlinear  active  device  and  its  linear  embedding  circuit  and  provides  for  the  careful 
investigation  of  the  internal  physical  phenomena  occurring  in  highly  nonlinear  aaive  devices. 
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- Theoretical  Data  (Hydrodynamic  Device  Modol  4950 cmWs) 

13 — □  Theoretical  Data  (Hydrodynamic  Device  Model  |«,(E.‘n) 


Figure  1:  Experimental  and  theoretical  doubling  output 
power  versus  incident  pump  power  for  the  UVA  6P4 
GaAs  diode  subject  to  100  GHz  pump  excitation. 
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Abstract 

Monte  Carlo  simulations  of  degenerately-doped,  GaAs  Schottky  diodes  for  terahertz  frequencies  are 
performed.  It  is  demonstrated  that  the  maximum  velocity  of  the  depletion  layer  edge  imposes  a  limitation 
on  their  cutoff  frequency,  and  that  it  substantially  overshoots  both  Ae  steady-state  saturation  velocity  and 
the  thermal  velocity  in  bulk  n-GaAs.  It  is  shown  that,  up  to  the  cutoff  frequency,  transit  time  effects  cause 
a  phase  delay  in  the  particle  current  that  increases  with  frequency,  and  is  accompanied  by  an  increase  in  the 
magnitude  of  the  current.  The  displacement  current  is  shown  to  be  approximately  90  degrees  in  phase 
ahead  of  the  particle  current.  Beyond  the  cutoff  frequency,  both  the  particle  and  displacement  current 
components  are  shown  to  drop  abruptly  in  magnitude. 

1.  Introduction 

A  number  of  recent  workers  have  suggested  that,  in  the  operation  of  terahertz  frequency  Schottky 
diodes,  the  velocity  of  the  depletion  layer  edge  may  be  limited  by  the  saturation  velocity  of  GaAs,  and  that 
this  may  provide  an  inherent  physical  limitation  on  their  operation  as  varactors  and  mixers  [1-3].  Other 
workers  have  remarked  that,  instead,  the  thermal  velocity  may  limit  the  excursion  of  the  depletion  layer 
edge  [4].  In  this  paper  we  answer  these  questions  by  showing  results  from  time-dependent,  one¬ 
dimensional  Monte  Carlo  (MC)  simulations  of  GaAs  Schottky  diodes.  The  simulations  consider  effects 
important  in  degenerately  doped  material,  such  as  electron  degeneracy  and  the  electron-electron  and 
electron-plasmon  scattering  mechanisms.  The  usual  scattering  mechanisms,  such  as  ionized  impurity, 
polar  optical  phonon,  deformation  potential  acoustic,  and  intervalley  scatterings,  are  also  included.  Image 
force  lowering  as  well  as  electron  tunneling  through  the  Schottky  barrier  are  considered.  The  electrons  are 
injected  from  a  Fermi-Dirac  distribution.  The  assumed  applied  voltage  waveform  is  an  AC  component  at 
the  local  oscillator  (LO)  frequency  in  addition  to  a  DC  bias.  The  MC  program,  as  well  as  the  theory  behind 
it,  are  more  fully  described  in  Ref.  [5]. 


n.  Simulation  Results 

The  ionized  impurity  concentration  of  the  semiconductor  was  assumed  to  be  5  x  10^"^  m“^.  Only  the 
'‘epitaxial"  layer  was  simulated,  and  electrons  were  injected  directly  into  the  "ohmic  contact"  at  the  side 
opposite  the  Schottky  contact.  The  simulated  region  was  assumed  to  be  320  angstroms  in  thickness,  which 
is  substantially  greater  than  the  zero  bias  depletion  length.  The  assumed  voltage  waveform  was  a  0.7  V  DC 
bias  in  addition  to  a  0.3  V  AC  component,  which  is  typical  for  Schottky  diodes  operating  as  mixers.  The 
assumed  Schottky  barrier  height  was  1.0  V. 


Velocity  and  Position  of  Depletion  Layer  Edge 

In  this  context,  the  position  of  the  depletion  layer  edge  is  defined  as  the  coordinate  at  which  the  free 
electron  concentration,  as  determined  by  the  MC  simulation,  is  equal  to  one-half  of  the  ionized  donor 
concentration.  The  velocity  of  the  depletion  layer  edge  is  calculated  by  simply  dividing  the  change  in  the 
position  of  the  depletion  layer  edge  by  the  time  interval. 


Figure  la  shows  the  velocity  of  the  depletion  layer  edge,  v^dep*  as  a  function  of  time,  over  one  period, 
T,  after  achieving  convergence.  For  the  sake  of  comparison,  we  have  also  shown  in  Figure  lb  the 
depletion  edge  velocities  that  would  result  simply  from  using  the  depletion  approximation,  given  by 


^dep  “ 


£(<!)b-V) 


qNj 


(1) 


and  subjecting  it  to  a  time-dependent  voltage  waveform,  but  ignoring  all  high  frequency  effects.  It  is  clear 
from  the  illustration  that  the  preceding  approximation  results  in  a  velocity  of  the  depletion  layer  edge  with 
a  step  function  type  change  when  the  voltage  reaches  the  flat-band  condition.  Such  behavior  is  not,  of 
course,  physically  realizable  because  electron  inertia  prevents  infinite,  instantaneous  accelerations  from 
occurring.  Instead,  our  MC  simulations  show  that  v^dep  increases  at  a  finite  rate,  and  overshoots  the 
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velocity  curves  predicted  from  the  depletion  approximation.  In  many  cases,  this  overshoot  is  followed  by 
velocity  undershoot. 

As  the  frequency  is  increased,  the  peak  velocity  of  the  depletion  layer  edge  increases  roughly  in 
proportion  to  the  frequency.  The  peak  velocity  of  the  depletion  layer  edge  reaches  a  maximum  of  about 
4xl0^m/s  at  a  frequency  of  8  THz.  At  a  frequency  of  16  THz,  however,  the  peak  velocity  of  the  depletion 
layer  edge  does  not  increase  further  beyond  4xl0^m/s;  in  fact,  it  shows  a  slight  decrease.  Thus,  we 
designate  the  cutoff  frequency  in  this  context  as  the  frequency  at  which  the  maximum  current  is  reached, 
which  in  this  case  is  8  THz. 

It  should  be  noted  that  these  velocities  are  roughly  four  times  the  steady-state  saturation  velocity  of 
n-GaAs.  They  are  also  substantially  greater  than  the  maximum  velocities  found  in  the  steady-state 
velocity-field  curves  [5,6].  In  fact,  the  maximum  velocities  we  observe  are  even  greater  than  the  thermal 
velocity  of  GaAs,  which  is  2.7  x  10^  m/s.  The  sub-picosecond  time  scales  involved  make  it  possible  for 
the  electrons  to  exhibit  velocity  overshoot,  and  not  be  constrained  by  either  the  steady-state  saturation  or 
maximum  velocities. 

The  curves  are  far  from  smooth,  and  instead  show  much  ringing  behavior,  indicating  the  presence  of 
higher  harmonics  of  the  LO  frequency.  The  ringing  appears  to  reflect  velocity  overshoot  and  undershoot 
phenomena,  and  may  also  be  influenced  by  transit  time  effects  across  the  epitaxial  layer.  We  mention  that 
velocity  overshoot  and  undershoot  in  various  two-terminal  devices  have  been  predicted  by  others  [7]. 
These  effects  are  similar  to  the  velocity  overshoot  and  undershoot  effects  seen  in  bulk  n-GaAs  [8]. 

Figure  2a  shows  the  position  of  the  depletion  layer  edge  as  a  function  of  time,  and  is  compared  with 
the  prediction  using  the  depletion  approximation,  Eqn.  (1),  which  is  plotted  in  Figure  2b.  Below  the  cutoff 
frequency,  the  excursion  of  the  depletion  layer  edge,  as  predicted  by  the  MC  simulations,  is  significantly 
greater  than  that  predicted  by  the  depletion  approximation,  and  this  effect  increases  with  frequency. 
Evidently,  a  type  of  overhoot  effect  exists.  The  increasing  excursion  of  the  depletion  layer  edge  coexists 
with  an  increase  in  the  particle  current  through  the  device,  which  is  described  next.  Beyond  the  cutoff 
frequency,  however,  it  is  evident  that  the  excursion  of  the  depletion  layer  edge  is  vastly  smaller  than  that  at 
lower  frequencies. 

Particle  and  Displacement  Current 

Figures  3  and  4  show  the  particle  and  displacement  current  components,  respectively,  as  a  function 
of  time.  The  plots  show  that  there  is  substantial  particle  current  only  during  the  "on"  phase  of  the  LO 
cycle,  which  corresponds  to  roughly  the  first  half  of  each  cycle.  The  displacement  current  shows  a  ringing 
behavior  similar  to  that  observed  in  the  velocity  of  the  depletion  layer  edge. 

Figures  5a-b  show  the  magnitude  and  phase  relationships,  respectively,  of  the  particle  and 
displacement  current  components,  as  a  function  of  frequency.  The  effects  of  including  the  electron- 
electron  and  electron-plasmon  scattering  mechanisms  are  also  shown.  The  magnitude  and  phase  of  the 
current  components  were  obtained  by  performing  Fourier  Transforms  of  their  waveforms.  Figure  5b 
clearly  demonstrates  the  existence  of  a  phase  delay  in  the  particle  current  that,  up  to  the  cutoff  frequency, 
increases  approximately  in  proportion  to  the  frequency.  The  time  or  phase  delay  is  due  to  the  time  needed 
for  the  electrons  at  the  depletion  layer  edge  to  travel  towards  the  Schottky  contact.  We  refer  to  this 
phenomenon  as  a  transit  time  effect.  The  magnitude  of  the  particle  current,  as  shown  in  Figure  5a, 
increases  slightly  as  the  frequency  approaches  the  cutoff  frequency  of  8  THz.  Beyond  this  frequency, 
however,  its  magnitude  drops  abruptly.  The  cutoff  frequency  observed  here  is  consistent  with  the 
frequency  at  which  the  maximum  velocity  of  the  depletion  layer  edge  no  longer  increases,  and  is  also 
consistent  with  the  maximum  frequency  at  which  the  full,  expected  excursion  of  the  depletion  layer  edge 
can  be  sustained.  Figure  5a  also  shows  that  the  displacement  current  increases  approximately  linearly  with 
frequency  up  to  8  THz,  but  beyond  that  point  it  decreases  abruptly.  This  indicates  an  effective  capacitance 
that  is  roughly  constant  up  to  the  cutoff  frequency.  However,  beyond  the  cutoff  frequency,  velocity 
saturation  and  transit  effects  severely  reduce  the  charge  that  can  be  displaced,  and  therefore  also  reduce  the 
effective  capacitance  of  the  device.  Furthermore,  Figure  5b  shows  that,  up  to  the  cutoff  frequency,  the 
phase  of  the  displacement  current  stays  nearly  90  degrees  with  respect  to  the  particle  current,  as  opposed  to 
the  applied  voltage  waveform.  We  remark  that  electron-electron  and  electron-plasmon  scattering  are 
shown  to  decrease  the  magnitude  of  the  particle  current  and  displacement  current  components,  and  this  is 
an  effect  that  increases  with  frequency.  . 

The  behavior  of  the  particle  current  deviates  from  the  classical  series  inductor-resistor  lumped 
element  model  in  that  its  magnitude  continues  to  increase  as  the  cutoff  frequency  is  approached,  even  as 
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transit  time  effects  increase  the  phase  delay.  By  contrast,  the  classical  series  resistor-inductor  circuit  used 
to  model  bulk  material  predicts  a  gradual  drop  in  the  magnitude  of  the  current:  a  reduction  by  a  factor  of 
the  square  root  of  two  is  expected  at  the  comer  frequency,  where  the  phase  delay  is  45  degrees.  In  any 
c^e,  the  cutoff  frequency  that  we  observe  here  is  much  higher  than  the  scattering  frequency  connected 
with  inductive  behavior  in  bulk  material,  which  is  around  1  THz  for  the  doping  concentration  considered 
here.  Furthermore,  the  observed  cutoff  frequency  is  also  different  from  the  plasma  frequency  of  GaAs, 
which  is  about  25  THz  for  the  same  electron  concentration.  Thus,  while  electron  inertia  accounts  for  the 
phase  delay  in  both  Schottky  diodes  and  bulk  material,  it  is  misleading  to  model  the  phenomenon  in 
Schottky  diodes  as  merely  an  inductive  effect.  Instead,  it  is  more  nearly  correct  to  consider  the  effect  in 
Schottky  diodes  as  being  due  to  transit  delays  in  the  spatial  transfer  of  charge  caused  by  the  finite 
maximum  velocity  of  the  electrons. 

m.  Conclusion 

In  this  paper  we  have  shown  the  results  of  time-dependent  Monte  Carlo  simulations  of  Schottky 
diodes  at  terahertz  frequencies.  We  believe  these  are  the  most  comprehensive  simulations  to  date.  They 
have  considered  effects  such  as  electron  degeneracy  and  electron-electron  and  electron-plasmon  scattering, 
in  addition  to  the  phenomena  usually  considered  in  MC  simulations.  One  of  our  most  significant 
demonstrations  is  that  the  maximum  velocity  of  the  depletion  layer  edge  imposes  an  inherent  physical 
limitation  on  the  cutoff  frequency  of  GaAs  Schottky  diodes.  Equally  important,  we  predicted  that  the  peak 
velocity  of  the  depletion  layer  edge  substantially  exceeds  the  steady-state  saturation  velocity  of  GaAs,  and 
is  even  greater  than  the  thermal  velocity.  We  showed  that  these  transit  time  effects  cause  a  phase  delay  in 
the  particle  current  that  increases  with  frequency,  but  that  this  phase  delay  is  not  accompanied  by  a  gradual 
roll-off  in  the  magnitude  of  the  conduction  current.  Instead,  we  expect  a  slight  increase  in  the  magnitude 
of  the  particle  current  up  to  the  cutoff  frequency,  followed  by  an  abrupt  drop  beyond  that  frequency.  Thus, 
our  simulations  show  that  Schottky  diode  behavior  at  terahertz  frequencies  cannot  be  modeled  accurately 
by  a  traditional  lumped-element  circuit  model.  The  inclusion  of  the  electron-electron  and  electron-plasmon 
interactions  is  shown  to  reduce  the  high  frequency  response  and  the  higher  harmonic  content  of  both  the 
particle  and  displacement  current  components. 
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Fig.  la.  Depletion  layer  edge  velocity 
vs.  time,  from  MC  simulation. 


Fig.  lb.  Depletion  layer  edge  velocity 
vs.  time,  from  depletion  approximation. 


time  (T) 

Fig.  2a.  Depletion  layer  edge  position 
vs,  time,  from  MC  simulation. 


time  (T) 

Fig.  3.  Particle  current  vs.  time. 


time  (T) 

Fig.  2b.  Depletion  layer  edge  position 
vs.  time,  from  depletion  approximation. 


time  (T) 

Fig.  4.  Displacement  current  vs.  time. 


Fig.  5a.  Particle  and  displacement 
current  magnitude  vs.  frequency. 


Fig.  5b.  Particle  and  displacement 
current  phase  vs.  frequency. 


Key  for  Figs.  1-4:  ellipses,  2  THz;  rectangles,  4  THz;  circles,  8  THz;  squares,  16  THz. 

Key  for  Figs.  5a-b:  circles,  part,  current,  w.  e-e,  e-pl  scat.;  squares,  part,  current,  w/o.  e-e,  e-pl  scat.; 
ellipses,  disp.  current,  w.  e-e,  e-pl  scat.;  rectangles,  disp.  current,  w/o.  e-e,  e-pl  scat.. 
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I.  Introduction 

Varactor  elements  are  commonly  used  to  multiply 
the  output  of  Gunn  diodes  to  higher  frequencies  for  use  as 
local  oscillator  sources  in  heterodyne  receivers.  At 
frequencies  over  100  GHz,  the  standard  varactor  element  is 
a  GaAs  Schottky  diode.  The  typical  configuration  has 
traditionally  been  a  single  whisker  contacted  varactor;  this 
configuration's  main  strength  is  its  minimal  parasitic 
capacitance.  Recently,  however,  techniques  for  fabricating 
planar  Schottky  diodes  have  evolved  to  the  point  where  they 
are  competitive  with  or  superior  to  whisker  contacted 
devices,  particularly  in  varactor  applications  [1].  The  most 
obvious  benefit  of  moving  to  planar  devices  is  their 
ruggedness  relative  to  whisker  contacts.  However,  another 
significant  benefit  is  the  ability  to  integrate  several  devices 
onto  one  chip.  Recent  improvements  in  yield  and  parasitics 
have  opened  up  a  wide  range  of  possibilities  for  improved 
varactor  elements  made  of  arrays  of  planar  Schottky  diodes 
in  various  configurations. 

The  first  stage  of  a  multiplier  chain  obviously  has 
the  highest  requirements  for  power  handling.  In  traditional 
single-diode  varactor  designs,  higher  power  handling  is 
obtained  by  increasing  the  epilayer  thickness  and  reducing 
doping  density.  This  increases  the  reverse  breakdown 
voltage  (Vbr),  allowing  higher  pump  powers  to  be  used,  but 
at  the  expense  of  higher  series  resistance.  For  example,  the 
UVa  6P4  whisker-contacted  varactor  has  a  doping  density 
of  3.5  X 10^^  cm"^  and  a  thickness  of  1  pm,  with  a  large  Vbr 
of  20v.  However,  due  to  velocity  saturation  of  carriers  in 
GaAs  under  high  fields,  it  may  not  be  possible  to  fully 
deplete  this  1pm  depth  on  each  cycle  at  80  GHz  [2].  In  this 
case,  efficiency  drops  off  quickly  under  higher  pump  powers, 
and  the  extra  epilayer  thickness  is  of  no  benefit. 

n.  Seres  Array  Balanced  Doublers 

Arrays  of  devices  do  not  suffer  the  same  trade-offs, 
however.  Power  handling  can  be  increased  by  distributing 


Fig.  1.  SEM  photograph  of  optimized  160  GHz  balanced 
doubler  devices. 


the  power  among  several  diodes  without  increasing  the 
epil^er  thickness.  A  series  array  of  n  devices  of  area  A  may 
be  used  to  replace  a  single  diode  of  area  A/n,  while  keeping 
the  same  overall  capacitance.  Thus,  such  an  array  can 
handle  n^  times  the  power  of  a  single  diode.  Such  an 
approach  was  used  in  UVa  SC10V2  devices  [1]  ,  which 
divided  power  among  four  diodes  to  deliver  55  mw  at  174 
GHz,  twice  the  power  available  from  the  previous  best 
multiplier  at  a  nearby  frequency.  This  was  the  first  instance 
in  which  a  planar  device  displayed  significantly  higher 
performance  than  whisker  contacted  devices,  demonstrating 
extremely  high  power-handling  capability.  Indeed,  it 
appeared  that  the  chip  could  handle  far  more  power  than 
what  would  be  available  from  a  Gurm  source. 

It  should  be  noted  that  each  individual  anode  of  the 
SC10V2  adhered  fairly  closely  to  traditional  designs  for 
varactors  in  this  frequency  range.  The  doping  and  thickness 
of  the  epilayer  were  similar  to  6P4-type  diodes,  and  so  their 
cutoff  frequency  were  about  the  same.  The  only  benefit  of 
the  series  array  of  four  diodes  was  to  increase  power 
handling  by  a  factor  of  four  over  the  6P4;  no  attempt  was 
made  to  improve  the  cutoff  frequency  or  reduce  series 
resistance. 
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Table  1 


Single  Anode 

Batch# _ W(^)  Nep^(cm~^)  diam.(^m)  C,o(£F)  Rs(Q) _ Vbr(V) 

SC10V2  6400  4.5x10^^  9  38  6  15 

SC6T6  4500  1.2xl0l^  6  40  1.5  11 


Fig.  2.  A  cross  section  through  the  doubler  block 

m.  Optimized  160  GHz  Balanced  Doubler 

In  this  research,  an  improved  balanced  doubler  chip, 
shown  in  Fig.  1,  was  fabricated  and  RF  tested  at  160  GHz 
ou^ut  The  arr^  is  laid  out  identically  to  the  SC10V2  -  four 
diodes,  two  in  series  on  each  side.  Priority  was  placed  on 
reducing  series  resistance  rather  than  increasing  power 
handling  c^ability,  in  an  ejSbrt  to  achieve  a  higher  cutoff 
frequency  and  improve  efficiency.  In  this  case  the  chief 
benefit  of  using  this  configuration  versus  a  single  6P4  is  that 
we  were  able  to  iise  a  much  higher  doped  and  thinner 
epilayer  than  are  typically  used  at  this  frequency,  while 
maintaining  adequate  power  handhng  levels.  It  is  believed 
that  the  epilayer  thickness  (4500A)  is  now  thin  enough  that 
velocity  saturation  effects  do  not  seriously  degrade 
performance,  and  the  epilayer  may  be  fully  depleted  on  each 
cycle  at  80  GHz. 

The  characteristics  of  this  batch  (SC6T6)  are 
compared  with  those  of  the  SC10V2  in  Table  1.  By  using 
high  doping  and  thin  epilayers,  the  series  resistance  was 
reduced  to  1.5  Q  per  anode,  a  significant  improvement  over 


Fig.  3.  Output  power  and  efficiency  of  opimized  160  GHz 
doubler  (SC10V2)  vs.  previous  results  (SC6T6)  [1].  Data 
for  input  powers  other  than  145  mW  is  not  yet  available. 


the  6  Q  per  anode  of  the  SC10V2.  This  was  accomplished 
while  still  maintaining  the  40  fF  per  anode  capacitance 
which  was  desired  for  matching  to  the  RF  circuit.  Since  two 
diodes  are  in  series  on  each  side,  the  V|jj.  for  the  pair  (22  V) 
is  still  large  enough  to  handle  the  full  available  power  of  an 
80  GHz  Guim  source. 

The  fabrication  followed  the  surface  channel 
process,  described  in  detail  elsewhere  [3,4].  After  forming 
the  long  metal  ‘finger*  which  connects  the  outer  pad  tothe 
diode,  a  deep  (9  pm)  etch  is  used  to  isolate  the  two  pads  and 
to  undercut  the  ‘finger*  of  metallization,  forming  an  air 
bridge.  This  air  bridge  allows  the  parasitic  capacitance  to  be 
reduced  to  very  low  levels.  The  fabrication  deviated 
somewhat  from  the  standard  surface  chaimel  process  - 
special  care  was  taken  to  keep  the  resistance  as  low  as 
possible.  To  this  end,  evaporated  Ni/Ge/Au  ohmic  contacts 
were  substituted  due  to  their  lower  contact  resistance.  Also, 
all  contact  pads  and  ‘fingers*  were  plated  with  thick 
(~2.2pm)  gold  metallization  to  minimize  resistance.  During 
loping,  the  chips  were  thirmed  to  15  -  25  pm.  Lapping  the 
chips  very  thin,  in  an  effort  to  minimize  the  amount  of  GaAs 
within  the  waveguide,  is  necessary  to  get  good  RF 
performance. 
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Fig.  4.  SEM  photograph  of  the  320  GHz  doubler  devices 

IV.  Doubler  Mount  and  KF  evaluation 

The  doubler  mount  is  the  same  as  was  used  in  [1], 
and  is  shown  in  Fig.  2.  The  diode  is  soldered  to  the 
waveguide  top  and  bottom  walls  as  well  as  to  the  center  pin 
in  one  q)eration.  The  chip  is  supported  by  the  solder  joints, 
and  the  resulting  structure  is  quite  robust. 

The  higihest  efficiency  was  obtained  at  an  input 
power  of  145  mw  at  80  GHz.  The  output  was  58  mw  at  160 
GHz,  corresponding  to  40%  efficiency  -  considerably  higher 
than  the  25%  obtained  frcan  SC10V2  diodes.  We  believe  this 
is  a  record  for  both  output  power  and  efficiency  from  a 
multiplier  at  this  frequency.  This  result  is  compared  with  the 
ouqjut  power  and  efficiency  of  the  SC10V2  in  Fig.  3.  Data 
for  input  powers  other  than  145  mw  is  not  yet  available. 

V.  320  GHz  Balanced  Doubler  Array 

Other  planar  diode  arrays  have  been  fabricated,  but 
no  RF  results  are  available  yet  One  ccsofiguration,  which  we 
will  briefly  describe  here,  is  a  scaled  version  of  the  above 
160  GHz  doubler  vdiich  is  intended  for  operation  as  the  next 
st^e  in  a  chain  of  multipliers.  These  doublers  receive  input 
power  at  160  GHz  and  doubles  it  again  to  320  GHz.  These 
devices  (SC3T5)  are  also  a  linear  array  consisting  of  two 
pairs,  as  seen  in  Fig.  4.  The  sh^es  of  the  pads  are  changed 
slightly,  to  facilitate  easy  soldering  and  handling  despite  the 
smaller  size.  These  have  smaller  anode  sizes  and  higher 


doping  than  the  160  GHz  devices,  since  their  capacitance 
must  be  lower  to  operate  at  higher  frequency,  but  their 
power  handling  requirements  are  lower,  with  40  mw 
available  for  piunping. 

VL  Conclusion 

Several  new  designs  for  varactor  anode  arr^s  have 
bear  febricated.  A 160  GHz  doubler  was  fabricated  as  a  four 
diode  array  with  a  highly  doped  (1.4  x  lO^^cm"^),  thin 
(4500A)  epilayer,  in  order  to  minimize  parasitic  series 
resistance.  This  and  other  improvements  resulted  in  a  factor 
of  four  reduction  in  series  resistance  below  previous  devices. 
It  is  believed  that  the  4500A  epilayer  is  thin  enough  so  that 
velocity  saturation  effects  are  not  significant.  This  device 
was  RF  tested  and  produced  58  mw  output  and  40% 
efficiency.  This  is  the  highest  power  and  effeciency  yet 
reported  for  a  doubler  at  this  frequency. 

A  scaled  version  of  the  above  device  was  fabricated  for 
doubling  frcm  160  to  320  GHz.  RF  testing  of  this  device  is 
under  w^. 
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Introduction 


There  is  a  need  for  sensitive  receivers  at  submillimeter  wavelengths  for  such  applications  as  radio 
astronomy,  atmospheric  studies,  plasma  diagnostics,  molecular  spectroscopy  and  compact  range  radars.  Mixers 
using  GaAs  Schottky  diodes  can  provide  excellent  sensitivity  at  either  cryogenic  or  room  temperature,  making 
them  flexible  detectors  with  proven  performance  at  submillimeter  wavelengths.  Unfortunately,  the  best  Schottky 
receivers  have  used  whisker-contacted  diodes,  which  make  the  design  and  assembly  of  the  receiver  quite 
expensive,  and  complicates  the  space  qualification  process.  This  research  is  an  investigation  of  the  use  of  planar 
Schottky  diodes  [  1  ]  in  waveguide  receivers  which  are  optimized  through  the  use  of  modern  circuit  simulators  and 
design  tools,  with  the  goal  of  achieving  the  same  level  of  performance  that  has  already  been  demonstrated  with 
whisker- contacted  Schottky  diodes. 

This  paper  describes  the  design,  fabrication  and  testing  of  a  585  GHz  waveguide  receiver  which  utilizes 
state-of-the-art  planar  Schottky  diodes.  The  design  of  the  mixer,  including  numerical  modeling  of  the  diode  and 
drcuitiy  with  Hewlett  Packards  High  Frequency  Design  Software  is  described.  The  results  of  testing  with  several 
mixer  configurations  are  presented. 


Mixer  Configuration 


The  mixer  block,  shown  scdiematically  in  Fig.  1 ,  was  originally  designed  for  use  with  a  superconductor- 
insulator-superconductor  junction.  The  primary  modification  was  the  redesign  of  the  microstrip  circniitry  to 
present  the  proper  embedding  impedance  to  the  planar  diode.  The  LO  and  RF  signals  are  coupled  into  an  8x1 6 
mil  waveguide  by  a  diagonal  feedhom  [2].  The  signals  are  then  coupled  into  a  4x4.5  mil  shielded  mica^ostrip 
channel  by  a  microstrip  probe  in  the  waveguide.  The  diode,  a  UVa  SC1T5  diode  with  a  1 .2  fim  anode  diameter, 
is  motmted  across  a  gap  in  the  microstrip. 


Mixer  Modeling  and  Design 


In  order  to  determine  the 
embedding  impedance  presented  to  the 
diode,  Hewlett  Pacdcard’s  High  Frequency 
Structure  Simtalator  (HFSS),  a  three- 
dimensional  finite  element  solver  for 
Maxwell’s  eqtiations,  was  used  to 
determine  the  fields  for  the  diode 
mounted  across  a  gap  in  the  microstrip.  A 
coaxial  probe  was  inserted  in  the  HFSS 
model  near  the  diode’s  anode,  and  the 
input  impedance  of  this  probe  was  used  to 
predict  the  diode’s  embedding  impedance. 
The  main  mixer  tuning  parameter  is  the 
distance  between  the  diode  and  the  low- 
pass  filter.  Other  key  parameters  affecting 
the  diode’s  embedding  impedance  are  the 
diode’s  finger  length,  the  impedances  of 
the  transmission  lines  on  either  side  of  the 


Fig.  1.  Schematic  of  the  planar  diode  mixer  block  interior. 
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diode,  and  the  length  of  the  gap  across  which 
the  diode  is  mounted. 

Once  the  variation  of  the  diode’s 
embedding  impedance  with  system 
parameters  was  determined,  the  harmonic 
balance  routines  in  Hewlett  Packard’s 
Microwave  Design  System  (MDS)  were  used 
to  design  RF  coupling  structures  for  the 
diodes.  Typical  diode  parameters  for  an 
SC1T5  diode  are  R.  =  15Q,ii  =  1.16,1^,= 

3E-17  A,  and  C,^  =  2  fF.  The  values  for 
R,,  andjj_  were  determined  by  a  least 
squares  fit  of  the  measured  diode  I-V  to  the 
nonlinear  diode  equation.  Mixer  circuits  were  designed  at  585  GHz  for  diodes  with  finger  lengths  of  5,  10  and 
20  /tm  lengths. 

The  microstrip  circuits  were  fabricated  on  1.5  mil  quartz  substrates.  The  thin  quartz  wafer  was  mounted 
with  wax  on  a  silicon  support  wafer,  allowing  the  use  of  standard  photolithography  techniques  to  fabricate  the 
circuitrv.  The  quartz  wafer  was  then  diced  into  individual  circuits  before  being  removed  from  the  silicon  carrier. 
The  IF/bc  connection  wires  were  then  bonded  onto  the  choke  and  the  diode  was  soldered  across  the  gap.  Finally 
the  quartz  structure  was  mounted  into  the  mixer  block  and  held  in  place  by  the  wires  which  were  pressed  into 
indium.  Once  the  mixer  block  halves  have  been  put  together,  there  are  no  variable  timing  elements. 

Receiver  Measurements 

A  ^ipW<»r  and  an  off-axis  parabolic  mirror  with  a  focal  length  of  60  mm  are  used  to  couple  the  LO  and 
RF  power  into  the  feed  horn.  The  LO  power  is  supplied  by  an  FIR  gas  laser  which  is  in  turn  pumped  by  a  COj 
gas  laser.  Testing  was  performed  at  both  585  and  690  GHz.  For  the  690  GHz  testing,  the  mixer  block  tuned 
for  585  GHz  was  used  with  no  adjustments.  Table  1  gives  a  summary  of  the  best  mixer  results  obtained  using 
this  mixer  block.  At  585  GHz,  the  mixer  required  less  than  0.5  mW  of  LO  power  for  optimum  mixer 
performance.  The  690  GHz  result  required  approximately  1  mW  of  LO  power. 

Future  testing  is  planned  using  chokes  with  a  shorter  length  of  microstrip  line  and  using  diodes  with 
higher  doping  and  smaller  anode  diameter.  With  these  changes,  the  modeling  predicts  that  the  planar  diode 
mixer  performance  will  approach  that  of  the  best  room  temperature  whisker-conUcted  diode  mixer.  Additionally, 
the  modeling  predicts  that  the  if  the  mixer  circuit  is  designed  specifically  for  690  GHz  then  its  performance  at 
690  GHz  will  be  comparable  to  that  at  585  GHz. 
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%F 

(GHz) 

rpDSB 

(K) 

DSB 

(K) 

LDsb 

(dB) 

SC1T5-S10 

585 

2500 

2030 

8.6 

SC1T5-S20 

690 

4290 

3610 

10,2 

Table  1.1.  Summary  of  the  best  receiver  results  at  585  and 
690  GHz. 
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Generation  and  Modulation  of  Infrared  Light  by  Hot  Carriers  in 
Ge  and  GaAs/(Al,Ga)As  Structures 

L.  E.  Vorobjev,  S.  iV.  Danilov,  D.  V.  Donetsky,  Yu.  V.  Kochegarov, 

D.  A.  Firsov  and  V.  A.  Sbalygin 
Saint  Petersburg  State  Technical  University 
Saint  Petersburg,  RUSSIA  195251 


We  describe  new  results  of  the  investigations  of  hot  carriers  in  certain  electro-optic  devices: 
first,  we  describe  the  characteristics  of  hot  hole  carriers  in  far  infrared  (FIR)  Ge  lasers.  Next, 
we  describe  the  characteristics  of  hot  electrons  in  n-type  modulation  doped  GaAs/(Al,Ga)As 
structures.  The  Ge  laser  is  inserted  in  crossed  electric  and  magnetic  fields  in  the  Faraday  and 
Voigt  field  configurations.  It  is  found  that  the  generation  regime,  emission  spectra,  FIR  light 
gain,  optical  power  and  operation  temperatures  for  the  two  configurations  are  different.  In 
our  presentation,  we  will  discuss  the  mechanism  of  population  inversion  and  optical  gain.  A 
new  mechanism  for  mode  selection  in  the  FIR  spectrum  and  continuously  tuning  the  radiation 
wavelength  from  80  to  200  micrometers  is  suggested.  This  tuning  mechanism  is  made  possible 
through  the  use  of  a  thin  absorbing  film  placed  inside  the  resonator.  The  continuous  tuning 
characteristics  of  the  Ge  laser  will  be  presented. 

In  the  second  part  of  our  presentation,  we  discuss  the  fast  (on  the  order  of  a  picosecond) 
modulation  of  carbon-dioxide  laser  emission  at  9.6  and  10.6  micron  by  hot  electrons  in  selec¬ 
tively  and  non-selectively  doped  n-type,  multiple  quantum  well  GaAs/(Al,Ga)As  structures. 
In  this  experiment,  the  electron  population  in  the  structures  is  heated  by  applying  a  pulsed 
electric  field  parallel  to  the  layer  structures.  We  find  that  the  laser  modulation  depends  on 
its  polarization;  this  modulation  is  believed  to  be  caused  by  a  change  of  the  light  absorption 
coefficient  and  a  birefringence  induced  by  the  hot  two-dimensional  electrons.  The  physical 
origin  of  this  phenomenon  will  be  discussed.  It  is  different  for  the  two  types  of  structures 
investigated.  For  the  selectively  doped  multiple  quantum  well  structure,  the  main  cause  of 
the  light  modulation  is  probably  the  change  of  space  charge  due  to  the  hot  electrons.  The 
light  modulation  in  the  non-selectively  doped  structures  is  probably  caused  by  the  interaction 
of  the  hot  carriers  and  the  non-parabolicity  of  band  spectra. 
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Optical  Pumping  of  Lattice-Matched  ZnCdMgSe  Quaternaries  and  ZnCdMgSe/ZnCdSe  Quantum  Wells  on  InP 

Substrates 

Neal  Bambha  and  Fred  S^nrady,  Army  Research  Laboratory 
10235  Buibeck  Rd.  Ste.  1 10  Ft  Belvoir,  VA  22060 

Zni.jjCdjjSe  quantum  wells  with  ZnjjCdyMgj.jj.ySe  barrier  layers  were  characterized  by 
photoluminescence,  x-ray  topography,  and  optical  pumping.  These  layers  can  be  grown  entirely  lattice 
matched  to  InP,  making  the  material  system  attractive  for  blue,  green,  and  yellow  laser  diodes.  Emission 
resulting  from  the  optical  pumping  of  these  layers  by  a  pulsed  dye  laser  is  presented. 

To  date,  the  only  successful  blue  laser  diodes  have  been  fabricated  with  ZnSe  based  alloys.  The  rapid 
degradation  of  these  devices  is  the  biggest  obstacle  remaining  towards  their  successful  commercializtion. 
These  devices  have  all  been  grown  on  GaAs,  using  a  Zn^.^Cd^Se  quantum  well.  The  lattice  mismatch  in 
the  quantum  well  produces  strain  which  may  lead  to  degradation  during  operation.  It  would  be  interesting 
to  test  a  laser  structure  that  is  completely  lattice  matched  and  free  of  strain.  At  x=0.525,  Zn^.^Cd^  Se  has 
a  lattice  constant  of  5.87  angstroms,  equal  to  that  of  InP.  Using  the  quaternary  Zn^CdyMgi.x.ySe,  lattice 
matched  cladding  and  barrier  layers  can  be  grown. 

The  layers  were  grown  at  CUNY  by  MBE  in  a  Riber  2300P  growth  chamber.  Elemental  Zn,  Cd,  Mg,  and 
Se  sources  were  used.  Growth  was  performed  under  Se-rich  conditions  with  a  beam  equivalent  pressure 
ratio  group  VI  to  group  II  of  approximately  4.  Growth  temperatures  of  270  C  and  growth  rates  of  about  1 
micron  per  hour  were  used.  InP  (100)  substrates  having  defect  densities  of  <  SxlCPcm'^  were  obtained 
from  Sumitomo  Electric.  Oxide  desorption  of  the  InP  substrate  was  performed  by  heating  with  an  As  flux 
impingent  on  the  InP  surface  as  previously  reported.^ 

To  investigate  the  quality  of  the  layers  grown  by  this  method,  low  temperature  photoluminescence  and 
double  crystal  x-ray  rocking  curve  measurements  were  performed.  A  1  micron  layer  of  ZnCdSe  grown  by 
this  method  produced  extremely  narrow  (8meV)  and  efficient  PL  bandedge  emission  with  very  low  level 
of  defect-related  deep  emission.  X-ray  rocking  curves  having  widths  of  270  arc  sec  (FWHM)  were 
obtained  for  these  layers.  These  are  the  narrowest  values  reported  for  ZnCdSe  layers  grown  on  any 
substrate. 

The  optical  pumping  experiments  were  performed  with  a  dye  laser  pumped  by  a  N2  laser.  The  N2  laser 
had  a  pulse  energy  of  250  microjoules  ,  3ns  pulse  at  337  run.  The  samples  were  thiimed  to  100  micron 
and  manually  cleaved  to  small  bar-like  samples  with  cavity  lengths  of  0.5mm  to  2  mm  The  cleaved  bars 
were  attached  with  thermal  epoxy  to  a  copper  mount  attached  to  a  cold  finger.  The  temperature  of  the 
cold  finger  could  be  varied  from  lOK  to  300K.  The  laser  beam  was  attenuated  using  neutral  density  filters 
and  focused  onto  the  sample  surface  using  a  cylindrical  lens ,  forming  a  rectangular  excitation  spot.  A  p- 
i-n  photodiode  was  used  to  record  the  incident  pump  intensity.  The  light  emission  from  the  sample  was 
focused  with  a  lens  into  a  0.8  m  Spex  double  grating  spectrometer.  The  spectrum  of  the  emission  was 
measured  for  several  pump  intensities,  at  temperatures  from  lOK  to  room  temp.  The  emission 
characteristics  were  found  to  be  a  strong  function  of  pump  wavelength  and  temperature. 

In.  Dai,  A.  Cavus,  R.  Dzakpasu,  M.C.  Tamargo,  F.  Semendy,  N.  Bambha,  D.M.  Hwang  and  C.Y.  Chen, 
Appl.  Phys.  Letters  66,  (1995)  2742 
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Theory  of  Dark  Resistance  in  Photodiodes  for  Arbitrary  Diode  Geometry 

B.  L.  Gelmont,  M.  S.  Shur,  and  R.  J.  Mattauch 
Department  of  Electrical  Engineering,  University  of  Virginia 
Charlottesville,  VA  22903-2442 

The  dark  resistance  of  far  infrared  photodetectors  is  described  by  the  analytical  theory  of 
Grimbergen  [1],  which  is  applicable  in  the  limiting  case,  when  the  diffusion  length  is  much 
greater  than  the  detector  size.  We  derive  an  integral  equation,  which  is  valid  for  any  ratios 
of  the  layer  thickness,  the  recombination  length,  and  the  detector  radius.  This  equation  can 
be  easily  solved  by  standard  numerical  techniques.  We  compare  our  results  with 
Grimbergen's  approximation  and  show  that,  for  a  t^ical  detector  design,  the  error  of  this 
approximation  may  be  as  large  as  30%. 

1.  Introduction. 

Infrared  focal  plane  arrays  of  photodetectors  require  small  pixel  size  with  uniform 
response  over  large  areas.  As  the  detector  area  decreases,  surface  and  geometrical  effects 
become  increasingly  important.  In  particular  the  zero-bias  resistance  of  the  photodetector 
has  to  be  calculated  taking  into  account  the  lateral  spreading  of  the  flow  of  the  minority 
earners  [2].  A  simple  one-dimensional  model  is  applicable  when  the  layer  thickness,  b, 
and  the  diffusion  length,  L,  are  small  in  comparison  with  the  detector  radius,  R  (b,  L  « 
R),  see  Fig.  1.  Grimbergen  [1]  derived  an  equation  for  the  current,  which  takes  into 
account  the  lateral  spreading  of  the  flow.  His  equation  is  valid  when  b  «  L,  R. 

In  practical  photodetector  arrays,  b  is  comparable  with  L.  Since  the  absorption 
coefficient  is  relatively  large  and  the  light  is  absorbed  near  the  surface,  the  collection  of  the 
photogenerated  carriers  improves  when  the  junction  is  closer  to  the  back  surface  of  the 
device  (see  Fig.  1),  i.  e.  when  b  is  decreased.  On  the  other  hand,  the  spreading  resistance 
decreases  with  an  increase  in  b.  Choosing  b  to  be  on  the  order  of  L  is  a  reasonable  trade¬ 
off,  since  at  such  values  of  b  nearly  all  photogenerated  carriers  are  collected  by  the 
junction.  When  b  is  comparable  to  L,  analytical  treatment  does  not  apply.  Briggs  [3]  used 
numerical  techniques  to  solve  directly  the  three  dimensional  diffusion  equation  for  planar 
circular  photodiodes. 


2R 


Fig.  1.  Schematic  device  geometry. 

In  this  paper  we  derive  an  integral  equation  which  permits  us  to  find  the  current 
for  circular  geome^  at  any  ratio  of  the  layer  thickness ,  the  recombination  length,  and  the 
detector  radius.  This  approach  is  a  reasonable  alternative  to  a  full  numerical  solution,  such 
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as  discussed  in  [3].  We  calculate  the  dependence  of  the  current  on  the  ratio  of  the 
recombination  length  to  the  detector  radius  for  different  values  of  b  and  compare  our  results 
with  the  Grimbergen  approximation. 

2.  Basic  equations  and  boundary  conditions. 

For  a  circular  geometry  (see  Fig.  1),  the  minority  carrier  concentration,  n(r,z),  can 
be  determined  from  the  diffusion  equation  in  the  p-type  region 

a^n(r,z) ,  a^n(r,z) ,  1  an(r,z)  _ „  2 

— — j— +— -2— H - ^=n/L  (1) 

az^  ar^  r  ar 

with  the  boundary  conditions 


n(r,0)=n(0) 

for  r<R 

(2) 

3n/0z=O 

at  z=0  for  r>R, 

(3) 

8n/9z=0 

at  z=b 

(4) 

These  boundary  conditions  assume  that  the  depletion  region  thickness  is  small  in 
comparison  with  both  the  layer  thickness  and  the  recombination  length. 

3.  Integral  equation  and  its  solution. 

Following  the  approach  discussed  by  [4],  we  can  find  the  solution  of  eq.(l)  satisfying 
boundary  conditions  (3)  and  (4) 


n(r,z)=J- 


dttF(t)L  n(0) 


ORsinh 


IW+R^ 


/ST+R^ 


(b-z)V  t^ 


where  Jnisthe  Bessel  function, 

1 

F(t)=Jdvf(v)cos(vt)  (6) 

0 

and  f(v)  is  a  function  defined  in  the  interval  0  <  v  <  1,  which  can  be  determined  from  the 
boundary  condition  given  by  eq.  (2).  This  boundary  condition  leads  to  the  following 
integral  equation  for  f(v): 


R  _  f  dttF(t)cos(ut)^^^  bVt^L^  +  R^ 
L~J  Vt"L"  +  R^  ^  LR 


(7) 


The  resistance  Rs  is  related  to  the  function  f(v)  as  follows 

l/R,  =  2;rqD„Rn(0)F(0)/(kBT)  ^  (8) 

where  q  is  the  electron  charge  and  is  the  electron  diffusion  coefficient. 

The  solution  of  eq.  (7)  depends  on  two  parameters  b/R  and  L/R.  In  the  limit  of  a 
small  layer  thickness  (b  «  L,  R),  this  integral  equation  is  simplified 
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(9) 


b  7dttcos(utR/L))^,tR, 


The  solution  of  this  equation  is 
f 


f(v)= 


2bR 


Vl-v^  + 


where 


Vi: 


y 


RKo(R/L) 

and  Kjj  is  the  modified  Bessel  function. 

Substituting  eq.  (10)  into  eq.  (8)  we  obtain  Grimbergen's  equation 
Rg=Ro/(l+2A) 

where 


(10) 

(11) 


(12) 


°  :/rqD„R"  b  n(0) 

is  the  current  predicted  by  the  one-dimensional  model  based  on  the  assumption  that  the 
layer  thickness,  b,  and  the  recombination  length,  L,  are  small  in  comparison  with  the 
detector  radius,  R. 

In  a  general  case,  the  inte^al  equation  (7)  has  to  be  solved  numerically.  For  the 
numerical  solution,  it  may  be  re-written  in  a  more  convenient  form: 

?/  (m)=1+J  dvfiv)~l  dvBiu,v)f(v)-^j  c?v[A(m+v)-I-A(Im-vI)]/(v)  (14) 

^  0  1^0  2Lo 


where 


and 


B(w,v)=  j 


dtt 


V? 


+1 


12 


coth 


bVi 


t^-i-1 


(15) 


n/2 

A(z)=z  Jrf0sin"^9exp(-zcos9)  (16) 

0 

We  solved  eq.  (14)  numerically  for  different  ratios  of  b/R  and  L/R  and  compared  the  results 
with  the  Grimbergen  approximation  (see  Fig.  2). 


Conclusions 


As  expected  and  as  seen  from  Fig.  2,  the  Grimbergen  approximation  works  quite 
well  when  b/L  «  1.  For  practical  photodetectors,  this  ratio  is  on  the  order  of  unity,  and 
the  error  introduced  by  the  analytical  approximation  may  be  quite  large  (30%  or  so).  The 
proposed  method  allows  us  to  obtain  a  more  accurate  solution  quite  easily.  This  method 
may  be  also  applicable  for  a  large  variety  of  other  problems  involving  diffusion  of  electrons 
and  holes  in  semiconductor  devices,  such  as  the  current  spreading  in  semiconductor  diodes 
of  different  geometries. 
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Fig.  2.  Relative  difference  between  the  computed  dark  resistance,  Rg,  and  the  dark 
resistance,  Rg,  predicted  by  Grimbergen’s  theory  versus  the  ratio  of  the  recombination 
length  to  the  detector  radius  for  different  layer  thicknesses. 
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LASER  BEAM  INTERFERENCE  EFFECTS  on  the  PHOTOVOLTAGE  of  a 
GaAs  P-N  JUNCTION 

K.  Weiser,  F.  Dahan  and  S.E.  Schacham-  Dept,  of  Electrical  Engineering, 
Technion,  Haifa,  Israel 

E.Towe  and  H.  Park-  Dept. of  Electrical  Engineering,  U.  of  Virginia 


We  present  measurements  of  the  photovoltage  ji  observed  for  a  GaAs  p-n 
junction  diode  when  illuminated  through  a  mask  by  a  sinusoidally  varying 
light  pattern  produced  by  the  interference  of  two  coherent  He-Ne  laser 
beams.  Using  a  theory  ( l)  which  relates  ^  both  to  the  fringe  spacing  and 
to  the  phase  of  the  interference  pattern  relative  to  markers  placed 
parallel  to  the  fringes,  but  at  a  distance  1  apart,  we  deduce  the 
diffusion  length  of  minority  carriers  in  the  top  layer  of  the  diode. 


By  the  use  of  a  mask  the  illuminated  area  (typically  0.5.  x  0.5  mm'^2)  was 
kept  much  smaller  than  the  surface  area.  Under  these  conditions  it  was 
found  that  the  photovoltage  between  the  n-  and  the  p-  layers  in  the 
absence  of  interference  increased  logarithmically  with  the  exposed  area 
and,  of  course,  with  the  light  intensity.  The  edges  of  the  mask  along  the 
fringe  direction  were  metallic  stripes  which  served  both  as  ohmic  contacts 
to  the  p- layer  and  as  the  "markers"  relative  to  which  the  interference 
pattern  was  measured.  By  using  a  beam  expander  the  region  between  the 
contacts  was  uniformly  illuminated,  except  for  the  interference  effects. 
The  photovoltage  was  measured  between  these  contacts  and  an  ohmic  contact 
on  the  n-side. 

By  passing  one  of  the  beams  through  a  phase  modulator  the  interference 
pattern  could  be  swept  across  the  region  between  the  top  contacts.  The 
effect  of  this  sweep  on  the  photovoltage  j  depended  on  the  angle  between 
the  beams.  If  b,  the  number  of  fringes  between  the  two  stripe  contacts, 
equaled  an  integer  N^^  did  not  change  during  the  sweep.  For  b=  N  +  i/2, 
however,  the  voltage  alternated  between  maxima  and  minima  as  the  phase  of 
the  interference  pattern  changed  with  respect  to  the  position  of  the  two 
contacts.  The  magnitude  of  the  voltage  swing  decreased  with  increasing 
values  of  b. 

From  the  dependence  of  the  voltage  swings/-^  on  b  it  is  possible  to 
obtain  the  diffusion  length  of  the  minority  carrier  (electrons)  in  the  top 
layer.  A  simplified  theory(  i)  which  accounts  for  this  dependence  starts 
with  the  fact  that  for  b=  N  +1/2  (but  not  for  b=N)  the  sweep  results  in 
periodic  changes  in  the  total  light  flux  reaching  the  illuminated  area. 
This  phenomenon  is  due  to  the  fact  that  for  zero  phase  difference  between 
a  maximum  in  the  phase  pattern  and  one  of  the  stripe  contacts  the  total 
light  flux  reaching  the  illuminated  area  is  equal  to  that  in  the  absence 
of  interference,  I^.  As  the  phase  angle  changes  during  the  sweep  the  total 
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light  flux  first  exceeds  and  then  becomes  smaller  than  L,;  after  a  phase 
change  of  77/2  the  cycle  repeats  itself.  Hence,  even  without  taking 
minority  carrier  effects  into  account  f  undergoes  periodic  variations 
during  the  sweep.  This  effect  alone  does  not,  however,  correctly  predict 
the  dependence  of  the  voltage  swings  on  the  wavevector  k  of  the 
interference  pattern. 


To  explain  the  dependence  of  on  k  observed  experimentally  one  must 
take  into  account  the  spatial  distribution  of  minority  carriers  in  the 
illuminated  layer  of  the  diode.  Since  the  light  intensity  varies 
sinusoidally  along  the  direction  of  k  the  minority  carrier  concentration 
exhibits  an  analogous  pattern.  The  amplitude  of  the  oscillations  is, 
however,  much  smaller  than  that  of  the  light  pattern  because  of  diffusion 
of  carriers  from  regions  of  high  light  intensity  to  those  of  low  light 
intensity( 2) .  It  can  be  shown  that  the  amplitude  of  the  oscillation  is 
proportional  to  an  attenuation  factor  (  If  (2)  where 

L  is  the  minority  carrier  (electrons)  diffusion  length  in  the  top  layer. 
Since  the  photovoltage  depends  on  the  rate  of  arrival  of  minority  carriers 
at  the  junction(3)  we  have  derived  an  equation  for  the  swing  in  the 
photovoltage  during  the  sweep  of  the  interference  pattern  which  takes 
this  attenuation  factor  into  account.  The  theory  predicts  (l)  that  the 
voltage  swing^^  depends  on  the  wavevector  k  according  to  the  relation: 


JL 


JL 


hi  f  I+IM!-) 


Eq.l 


From  a  plot  of  the  l.h.s  of  Eq.i  at  different  ^  f's  vs  k  ,  with  L  as  a 
fitting  parameter,  we  obtain  a  value  of  L=  13.4  microns  which  is  in 
excellent  agreement  with  the  value  calculated  from  the  lifetime  and 
mobility  of  electrons  in  GaAs  at  the  doping  level  of  the  diode  studied. 


(1)  K.  Weiser,F.  Dahan  ,E.S.  Schacham,  M.  Shur,  E.  Towe  and  H.  Park; 
to  be  published 


(2)  D.  Ritter,  E.  Zeldov  and  K.  Weiser-  Applied  Physics  49,  9i  (1986)  and 
J.  of  Applied  Physics  62,  44563  (1987) 

D.  Levy  and  K.  Weiser-  Appl .  Phys.  Letters  66,1788  (1995) 


(3)  J.P.  McKelvey-  Solid  State  and  Semiconductor  Physics,  Harper  and  Row 
1966;  Ch  XV 


282 


High  Speed  Turn- Off  of  a  GaAs  Optoelectronic  Thyristor 

V.  Korobov,  V.  Mitin 

Department  of  Electrical  and  Computer  Engineering 
Wayne  State  University,  Detroit,  MI 


1.  Introduction 

Recently,  extensive  research  has  been  performed  on  light-emitting  thyristor-like 
PnpN  structures  [1,  2].  Their  applications  for  optical  parallel  processing  schemes  and 
optoelectronic  integrated  circuits  require  high  speed  of  operation.  Switching  times 
of  the  order  of  several  nanoseconds  have  been  obtciined  using  gate  contacts  [3]. The 
fast  recovery  of  two-terminal  PnpN  structures  could  essentially  expand  applications 
of  optoth3n:istors  for  optical  parallel  processing,  copying  and  transmisson  of  optical 
images  [4].  Recent  experiments  [5]  have  demonstrated  that  two-terminal  optoelec¬ 
tronic  thyristors  with  ultrasmall  n-base  region  can  be  turned  off  in  a  few  nanoseconds 
simply  by  applying  the  negative  voltage  to  the  anode.  An  improvement  in  turn-off 
time  by  about  three  orders  of  magnitude  over  traditional  two-terminal  thyristors  has 
been  achieved.  Theory  of  this  phenomena  has  not  been  reported  yet. 

Our  goal  is  to  present  results  of  numerical  simulation  of  reverse  recovery  processes 
in  a  GaAs  optothyristor  with  a  narrow  n-base,  when  its  punch-through  occurs  after 
reversing  anode  voltage.  The  simulation  is  based  on  the  numerical  solution  of  the 
full  set  of  nonstationary  semiconductor  device  equations.  Analysis  of  our  simulation 
results  has  allowed  to  show  that  n-base  punch-through  allows  essentially  decrease 
switching  times  and  icrease  immunity  with  respect  to  dV/dt  switching.  We  have 
derived  an  expression  for  a  recovery  time  in  terms  of  device  parameters  for  the  first 
time.  Comparison  with  available  experimental  results  will  be  discussed  in  our  talk. 

2.  PnpN  STRUCTURE  WITH  A  ’’WIDE”  BASE 

In  the  ON  state  the  voltage  drop  across  the  device  is  small  and  there  are  many 
excess  electrons  and  holes  in  the  inner  n,p  regions  of  the  thyristor.  In  order  to  switch 
the  device  off,  excess  carriers,  supporting  the  ON  state,  have  to  be  reduced  below 
the  holding  level.  Attempts  to  remove  excess  carriers  by  reversing  the  anode  voltage 
were  not  successful!.  It  was  reported  [5]  that  several  microseconds  were  required 
for  an  excess  charge  to  reach  equilibrium  after  applying  a  negative  anode  voltage 
to  the  two-terminal  device,  which  initially  operated  in  the  ON  state.  Simulation 
results  show,  that  the  reason  of  this  long  turn  off  is  that  only  one  type  of  carriers 
(fast  diffusing  electrons)  can  be  pulled  out  after  applying  a  negative  anode  voltage. 
Decrease  of  electron  concentration  takes  place  only  near  the  Pn  junction,  where  a 
space  charge  region  forms.  Practically  all  voltage  drop  occurs  across  this  region. 
After  this  region  has  been  formed,  the  next  slow  stage  of  relaxation  starts,  when 
electric  field  practically  does  not  change  its  magnitude  and  carrier  concentrations 
slowly  decrease  with  time.  It  can  be  shown,  that  hole  concentration  po{t)  at  the 
boundary  of  depletion  and  quasineutral  regions  decreases  proportionally  to  the  total 
current  j(i)  at  this  moment  of  time.  Hole  concentration  in  the  quasineutral  region 

p{t)  can  be  found  to  be  proportional  to  j{t)  also.  The  ratio  p{t)lpo{t)  ~  ^J{v)  is  time 

independent.  Part  of  the  structure  outside  the  depletion  region  remains  quasineutral 
and  is  flooded  by  excess  carriers,  whose  concentrations  decrease  proportionally  to 
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the  current  density  j(t).  The  latter  is  not  a  strong  function  of  the  negative  applied 
voltage.  Reverse  recovery  process  for  this  traditional  structure  is  a  slow  process, 
because  electric  field  has  a  little  effect  on  the  rate  of  holes  removal. 


3.  "Narrow”  base 


In  this  case  the  n-layer  becomes  completely  depleted  and  is  unable  to  consume 
all  applied  voltage.  We  call  an  n-base  ’’narrow”  if  its  width  is  less  than  the  width 
of  a  Pn  space  charge  region  at  a  given  reverse  voltage  V.  The  simulated  structure 
consists  of  two  outer  regions  (P  and  N)  doped  with  10^^  crnT^,  and  inner  regions  (p 
and  n)  equally  doped  with  10^®  cm~^.  Widths  of  P,  n,  p  and  N  layers  are  3.5  fim,  1.5 
fim,  5  fim,  and  3  fim  respectively.  Figs.  1  shows  electric  field  distribution  at  different 
moments  of  time  after  applying  a  negative  voltage  V  =  —6V  at  i  =  0.  It  is  seen,  that 
after  a  depletion  region  has  been  formed  near  the  Pn  junction  all  n-base  is  completely 
depleted  and  field  starts  to  penetrate  into  the  p-base.  On  this  stage  of  recovery  process 
we  can  indicate  three  different  regions  in  the  device:  the  depletion  region  I,  which 
coincides  with  the  whole  n-base,  and  two  neutral  regions  II  and  III  in  the  p-base.  In 
the  region  II  there  is  a  constant  electric  field  Eo{t),  electrons  concentration  is  small 
and  hole  concentration  has  decreased  up  to  the  equilibrium  level:  p  =  N_a.  Electron 
and  hole  densities  in  the  region  III  are  n[x,t)  Na,Nd-  Electric 

field  in  this  region  is  small  as  well  as  a  space  charge.  At  t  w  1.7ns  the  boundary 
between  regions  II  and  III  reaches  the  pN  junction.  It  means  that  at  this  moment 
all  excess  holes  have  been  evacuated  from  the  p-base  and  the  depletion  region  near 
the  pN  junction  has  been  formed.  Electric  field  distribution  at  i  >  1.7ns  shows  two 
depletion  regions,  the  first  is  near  the  Pn  and  the  second  is  near  the  pN  junction.  It 
means,  that  in  the  regime  of  n-base  punch-through  not  only  electrons,  but  also  holes 
have  been  removed  from  the  center  regions  of  the  device  during  a  short  period  time 
~  1.6ns. 

It  is  possible  to  obtain  a  closed  expression  for  time  tp,  required  for  the  electric 
field  to  go  through  the  whole  p-base.  This  time  determines  a  rate  of  excess  carrier 
removal  from  the  device  and,  as  we  will  see,  is  crucial  for  the  increase  of  immunity 
with  respect  to  dVjdt  switching.  Poisson’s  equation  in  the  completely  depleted  n- 
region  can  be  integrated  with  the  boundary  condition  E[x  =  Wn)  =  Eo{t).  Eo{t)  is 
the  electric  field  in  the  region  II.  It  is  position  independent,  because  the  total  current 
here  is  controlled  by  holes,  whose  concentration  is  equal  to  doping  concentrations  Na’ 
j  ^  ip(0  ~  9^p-®o(0  At  X  =  lo(t)  Eo(t)  goes  to  zero.  Assuming  that  its  drop 
is  abrupt,  the  voltage  V  across  the  device  can  be  written  as: 

V  =  +  Eo(t)  (i„(<)  +  W^),  (1) 

where  Em  =  (47rg/e)  Afr)  The  boundary  x  =  lo(t)  moves  to  the  right  with  the 
velocity  1  ^  |.  To  get  a  relationship  between  |  ^  [  and  the  current  j(t)  we  integrate 
the  hole  continuity  equation  over  the  p-base: 


^ ,  m 

dt 


id) 

-|- -  =  /  R(n,p)dx 

Q  Jo 


(2) 


P  is  the  total  number  of  holes  in  the  p-base,  which  can  be  written  as  P  =  NAlo{t)  -f 
n  (Wp  —  lo{t))-  The  last  term  in  Eq.  (2)  is  small  and  can  be  omitted.  Using  (2) 
we  obtain,  that  the  boundary  x  =  lo{t)  moves  to  the  right  with  the  velocity  |  ^  | 
so  that  the  carrier  content  of  the  swept-out  region  just  covers  the  current  density 
j(t)  —  I  ^  I  =  <lf^pEo{t)  Na  .  Assuming  that  fi  =  const  we  get  an  equation  for 

lo{t)  : 
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lo\t)  +  2  /o  Wn  =  {V  -  Vo){t  -  to),  (3) 

where  Vp  =  Em  Wn/2  =  (2x5/ e)iV£)W„^  ,  to  is  the  moment  of  time,  corresponding  to 
the  begining  of  electric  field  penetration  into  the  p-base  :  lo{to)  =  0.  Using  (4),  we 
can  estimate  the  current  density  when  k  > 

_  -  dlo{i)  UpnNA{V  -  Vo)  1 

dt  ^  2t  ^  Vi 

The  time  tp,  nessesary  for  electric  field  to  reach  the  pN  junction  (when  Ut)  =  Wp) 
is  given  by 


tp  = 


1  n 


(5) 


,-3 


{V-Vo)iip  ■ 

Substitution  into  this  expression  values  Na  =  No  =  10^®  cm~^,n  =  2-10^®  cm  , 
Wp  =  5  •  10  Wn  =  1.5  •  10  ^  cm~^  gives  Vo  =  1.85  V  and  for  V=6  V  we  obtain 
tp  «  2.1ns.  It  is  in  a  good  agreement  with  the  results  of  direct  numerical  modelling. 


4.  Immunity  with  respect  to  dv/dt  switching 

It  is  well  known  experimentally,  that  a  fast  increase  of  the  anode  voltage  induces 
switching  of  a  thyristor  before  a  quasistatic  break-over  voltage  is  reached.  It  was 
pointed  out  in  [?],  that  remaining  majority  carriers  (  holes  in  the  p-base)  supporting 
the  ON  state,  provide  a  forward  bias  for  the  emitter-base  pN  junction  and  induce 
dVjdt  switching.  To  reveal  the  effect  of  electric  field  penetrarion  into  the  p-base  we 
have  performed  a  transient  simulation  for  the  applied  anode  voltage,  which  has  the 
following  form.  Starting  from  the  positive  value  V  =  0.5F,  the  anode  voltage  V  then 
pulsed  to  a  negative  value  After  an  interval  of  time  Tneg  the  voltage  V  increased 
during  1  ns  to  the  value  V^,.  Maximum  positive  voltage  up  to  which  the 

thyristor  can  be  pulsed  in  1  ns  without  switching  on,  versus  Tneg  is  depicted  in  Fig. 
2.  For  negative  voltages  U  <  Vq  small  positive  bias  switches  the  device  ON  and  this 
positive  bias  practically  does  not  depend  on  the  magnitude  Tneg.  For  V  >  Vo  immu¬ 
nity  sharply  increases  for  Tneg  ^  tp.  This  shows,  that  tp,  calculated  in  the  previous 
section,  has  a  meaning  of  a  switching  time  of  our  device.  The  increase  of  immunity 
has  been  observed  experimentally  in  [5]. 
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Figure  1.  -  Electric  field  after  applying  the  voltage  -6V  to  the  anode  at  various 
moments  of  time  t  .  1  - 1  =  0.3ns,  2  -  i  =  0.7ns,  3  - 1  =  1.1ns,  4  - 1  =  1.5ns. 


Figure  2.  -  Maximum  positive  voltage  Vpot.max,  np  to  which  the  thyristor  can 
be  pulsed  in  1  ns  without  switching  on,  versus  Tneg  is  the  time  interW,  during 
which  a  negative  voltage  Vneg  was  apllied.  Curves  1,  2,  3,  4  correspond  to  Vneg=  —4.5 
V,  -3.5  V,  -2.5  V  and  -0.5  V. 
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Abstract 

Recently  there  have  been  several  reports  on  the  high  speed  OEIC  receiver  frontends  of  bit 
rate  exceeding  10  Gbps[l-3].  These  receivers  are  typically  characterized  by  the  3-dB  band¬ 
width  of  their  low  pass  frequency  responses,  and  also  by  the  minimum  detectable  power  or  the 
sensitivity.  No  analytical  method,  however,  has  been  developed  to  determine  the  optimum  3- 
dB  bandwidth,  fydB-opb  one  can  operate  a  device  with  the  highest  sensitivity  at  a  given  data 
rate.  The  condition  of  fyjB-opt  comes  from  detailed  behavior  of  the  active  and  passive 
components  of  the  receiver  circuit.  This  includes  a  distortion  called  intersymbol  interference 
(ISI)  that  exists  in  the  pulse  train  response. 

In  this  paper,  we  present  the  results  of  determination  of  fydB-opt  versus  bit  rate  B  using  SPICE 
transient  simulations  based  on  a  p-i-n/EDBT  OEIC  transimpedance  receiver  designed  with 
optimized  load  resistance  and  feedback  resistance.  For  accurate  determination  of  the  sensi¬ 
tivity,  we  have  employed  direct  integration  of  the  transfer  function  Z-Kf)  instead  of  using 
Personick  s  integration  constants,  and  combined  it  with  the  ISI  noise  obtained  from  transient 
simulations.  At  10  Gbps  operation,  fydB-opt  is  6.5  GHz  for  the  optimum  sensitivity  of -22.6 
dBm,  and  at  18  Gbps  operation,  fydB-opt  is  8.6  GHz  for  the  optimum  sensitivity  of -22.0  dBm. 
The  ratio  fydn-op/B  was  found  to  vary  from  0.65  to  0.45  when  fydB  changes  from  6.5  to  9  5 
GHz. 


Fig.  1  (a)  and  (b)  show  the  epi  and  device  structures  we  employed.  The  collector  of  the  HBT 
also  acts  as  the  photoabsorption  layer  for  the  p-i-n  diode,  and  therefore  some  trade-offs  are 
made  between  the  speed  of  HBT  and  the  quantum  efficiency  of  the  p-i-n  photodiode.  We 
choose  a  transimpedance  amplifier  circuit  for  its  wide  bandwidth  and  large  dynamic  range,  as 
shown  in  Fig.  2.  The  size  of  the  components  and  the  corresponding  small  signal  equivalent 
circuit  of  the  HBT(D1)  are  shown  in  the  figure  as  well.  In  the  circuit  we  take  Rf,  Cf,  and  Rl  as 
the  key  variables  in  optimizing  the  photoreceiver  in  terms  of  bandwidth  and  sensitivity.  The 
advantageous  point  of  variable  Cf  lies  in  that  we  can  make  various  values  of  Cf  keeping  that  of 
Rf  constant  by  varying  the  geometrical  aspect  ratio  of  Rf.  The  capacitance  Cf  arises  mostly 
from  fringing  effects  between  the  end  pads  of  Rf.  The  range  of  the  value  of  Cf  can  be  a  few 
fF’s. 


In  determining  the  sensitivity,  the  circuit  noise  should  be  analyzed  first.  Conventionally,  the 
total  noise  is  estimated  using  the  following  expression 


X  ^2 


LB 


(1) 


n,  '  fe.' 

where  U  and  I3  are  the  Personick’s  integrals  in  the  forms  of  J  \Zr{f)'^df  j  B  ,  and 

/  •  IZt  {f)\^df  /  B^  ,  respectively.  These  expressions  are  valid,  however,  as  long  as  the 
equalization  is  done  to  make  the  output  of  the  photoreceiver  ISI  free.  In  actual  cases  this 
assumption  does  not  hold  because  equalization  is  not  used  or  because  it  is  also  input  pulse 


287 


shape  dependent.  In  the  evaluation  of  the  noise,  we  have  taken  a  new  approach  of  taking  the 
direct  integral  of  the  frequency  response  function  from  the  SPICE  simulation  directly  [4],  Fig. 
3  shows  the  effect  of  changing  Cf  on  the  transfer  function.  Fig.  4  shows  the  bandwidth- 
dependent  integral  factors  and  compares  those  with  the  conventional  Personick’s  integral 
constants.  If  the  effective  integral  factor  is  larger  than  Personick’s  constant,  the  conventional 
noise  analysis  gives  more  optimistic  results,  and  vice  versa. 

Another  novel  respect  of  our  approach  in  the  evaluation  of  the  noise  is  that  we  deal  with  ISI 
noise  which  cannot  be  neglected  because  the  raised-cosine  assumption  is  not  valid.  We  have 
analyzed  the  effects  of  ISI  by  examining  rectangular  pulse  responses  of  receiver  with  a  given 
bandwidth  operating  at  various  bit  rates  for  some  levels  of  ISI.  Fig.  5  shows  the  change  in 
SNR  (signal-to-noise  ratio)  due  to  ISI.  For  a  given  data  rate,  an  optimum  3-dB  bandwidth 
exists.  As  the  3-dB  bandwidth  increases  above  fsds-opt  the  transfer  function  tends  to  transmit 
all  higher  harmonics  and  this  increases  ISI  noise,  whereas  the  3-dB  bandwidth  decreases 
below  f3dB.opt  the  transient  response  tends  to  attenuate  the  pulse  height  causing  ISI  noise  to 
increase  monotonically. 

By  combining  the  transient  analysis  to  observe  ISI  and  the  SPICE-based  noise  bandwidth 
analysis,  we  can  then  more  accurately  analyze  the  sensitivity  of  the  p-i-n/HBT  circuit.  The 
overall  sensitivity  can  be  obtained  by 

—  hu  .  I  <  cijh 

“  TU  J _ L  (2) 

I  sm 

where  r|  is  the  quantum  efficiency,  F  is  the  sensitivity,  v  is  the  frequency  of  light,  Q  =  6  for 
10'^  BER.  Fig.  6  shows  the  overall  sensitivities  of  the  circuit  with  Cf  as  variable  for  several 
bit-rates.  As  Cf  increases,  the  bandwidth  decreases,  and  the  circuit  noise  decreases  as  well  due 
to  reduced  noise  bandwidth.  At  the  same  time,  for  a  given  bit  rate,  the  ISI  noise  can  increase. 
Thus  one  can  optimize  the  sensitivity  of  the  p-i-n/HBT  circuit  including  both  the  circuit  noise 
and  the  ISI. 

We  can  establish  a  proportional  relationship  between  the  bandwidth  and  the  bit-rate,  so  we 
can  define  k  factor  by  fsdB-opt  =  kB,  where  B  is  the  operating  data  rate.  Fig.  7  shows  the 
optimum  bandwidth  for  a  given  data  rate  and  corresponding  k  values.  Using  this  analysis,  we 
determine  the  best  sensitivity  that  can  be  obtained  at  10  Gbps  operation  is  -22.6  dBm  with  the 
k  factor  specified  at  0.6.  Smaller  k  factors  are  expected  at  higher  bit-rates.  For  example,  at  18 
Gbps  operation,  k  =  0.48  and  a  bandwidth  of  8.6  GHz  for  the  for  the  optimum  sensitivity  of  - 
22.0  dBm.  The  difference  is  less  than  1  dB  and  this  is  only  due  to  difference  in  noise 
bandwidth  in  the  estimation  of  circuit  noise. 

In  summary,  we  have  shown  that  the  sensitivity  of  an  OEIC  receiver  can  be  optimized  using 
SPICE  timing  and  frequency  domain  simulations,  by  applying  correct  noise  bandwidth  and 
including  ISI.  We  have  accurately  determined  the  values  of  ISI  and  circuit  noises  for  changing 
bandwidth,  which  enabled  the  detection  of  the  optimized  bandwidth  for  a  given  data  rate.  The 
ratio  fsdB-op/B  was  found  to  vary  from  0.65  to  0.45  when  fsjB  changes  from  6.5  to  9.5  GHz  for 
the  OEIC  receiver. 
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Fig.  1.  InP/InGaAs  p-i-n/HBT  Device 
sectional  view  of  tlie  device  structure. 


T  Laye^^  Lay 

Cip  Wg  -  2  4in 

Doable  cm  liter  "5  pm 


Biic 

P 

Colleclor 

i 

(b) 

(a)  The  epitaxial  layer  structure  (b)  The  schematic  cross- 


Vec 


b  o- 


e  o- 


gmV  gi 


o  c 


(a)  (b) 

Fig.  2.  (a)  Transimpedance  Frontend  Circuit  and  (b)  Small-signal  Equivalent  Circuit  :  The  design 
parameters  used  in  this  paper  are  C^^  =  1.5  fF,  C^  =  4  fF,  C^^  =  52.8  fF,  rtf  =  60  Q,  r^c  =  40  Q,  r^  =  12.5 
kQ,  =  3.5  kQ,  and  g^^  =  14.28  mS,  respectively.  These  values  are  extracted  from  epi  layer  structure, 
geometric  structure  of  the  device,  and  DC  biasing  conditions. 
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Fig.  3.  Transfer  Function  for  variable  Cf :  When  Cf  is  1  fF,  the  transfer  function  is  maximally  flat,  and 
further  increase  in  Cf  leads  to  overdamping  with  reduced  3-dB  bandwidth  while  further  decrease  in  Cf 
leads  to  peaking  with  enlarged  bandwidth. 
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Fig.  4.  Comparison  between  the  integral  factors  in  the  conventional  Personick’s  constants  and  in  the 
exact  noise  analysis  using  direct  integration  of  transfer  function  ;  The  Personick’s  constants  I2  and  I3  are 
0.56  and  0.083,  respectively,  for  rectangular  input  pulses.  We  define  the  effective  integral  factors  as  l2cn- 
=  respectively. 
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Fig.  5.  The  Bandwidth  Dependent  Signal-to-  Fig.  6.  The  Bandwidth  Dependent  Overall 
ISI  -noise  Ratio  :  For  a  given  bit-rate,  there  Sensitivity  :  Both  the  circuit  noise  and  the  ISI 

exists  an  optimum  bandwidth  for  an  almost  ISI  noise  are  included, 
free  operation. 
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Fig.  7.  k  versus  Data  Rate  :  We  define  the  k  factor  as  fsdB^  opt  =  k  B  (k<l)  where  f3tjB  is  the  optimum 
3-dB  bandwidth  obtained  as  in  Fig,  6.  and  B  is  the  operating  data  rate.  We  can  see  that  k  value  exhibits 
the  values  from  0,65  to  0.45. 


290 
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PbSnTe<In>  Films  Prepared  by  MBE  Technique 
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The  working  out  of  photoresistor  device  (PD)  appeared  to  be  possible  not  only 
because  of  using  PbSnTe<In>  films  with  extraordinary  properties  as  photosensitive 
elements,  but  also  due  to  Si-multiplexers  operating  at  T<20K  and  due  to  hybrid 
assembly  technique  with  metallized  polyimid  ribbon  cables. 

The  properties  of  lead-tin-tellurium  (LTT)  solid  solution  (x=0.24-0.26)  doped  with 
indium  (In)  have  been  investigated  for  the  last  few  years  [1,2].  The  most  interesting 
and  imusual  properties  of  this  narrow  gap  compoimd  (Eg=0.06  eV  corresponds  to  the 
red  edge  of  sensitivity  about  20  p)  are  almost  intrinsic  charge  carriers  concentration  in 
darkness  till  liquid  helium  temperature  and  very  long  lifetime  of  nonequilibrium 
photoexcited  charge  carriers  below  temperature  about  25K.  Lifetime  may  achieved  a 
value  of  a  few  seconds  and  more  at  T=4.2K.  Nevertheless  we  have  no  any 
information  about  the  creation  of  matrix  or  array  PD  based  on  LTT<In>  epitaxial 
films. 

PD  consists  of  2x128  elements  photoresistor  array  having  lOOp  period  and 
120px80p  area  of  each  element,  of  four  Si-multiplexers  with  64  entrances  on  each 
of  them  which  are  connected  to  the  array  by  metallized  polyimid  ribbon  cables  and  of 
electronic  units  to  control  multiplexers.  Fig.l  gives  the  general  view  of  the  PD. 


Fig.l  PD  assembly.  1  -  2x128  elements  photoresistor  array,  2  -  Si-multyplexers, 
3  -  polyimid  ribbon  cables. 
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Photoresistor  arrays  were  formed  on  epitaxial  LTT<In>  films  prepared  by  MBE 
technique  on  BaF2  substrates.  The  thickness  of  the  films  was  1.35-1.5  p  .  The 
average  concentration  of  In  through  the  films  from  the  substrates  to  the  film  surfaces 
equals  to  2-5  at.%.  The  peculiarities  of  the  structure,  composition  and  some  other 
properties  are  described  in  [3].  As  a  rule  the  darkness  resistance  of  a  particular  array 
element  exceeds  10^®  Ohm  below  T=20K  and  10^^  Ohm  atT=4.2K. 

PD  characteristics  were  measured  in  special  deep  cooling  chamber  which  contained 
blackbody  source  of  irradiation  supplied  with  ZnSe  window  and  mechanical  shutter. 
This  chamber  provides  low  level  of  background  irradiation  which  stays  below  10^® 
photons/cm2/s. 

The  spectral  dependence  of  the  array  sensitivity  was  measured  in  optical  helium 
cryostat  with  the  level  of  background  irradiation  being  rather  high.  Therefore  in  this 
case  the  element  resistance  didn't  exceed  (l-3)xl0^  Ohm.  The  red  edge  of 
photosensitivity  was  disposed  near  20p. 

The  typical  dependence  of  PD  photosignal  vs  the  element  number  for  one  of  four 
multiplexers  is  given  in  fig.2.  Bias  voltage  at  photoresistors  is  equal  to  U=2.2  V,  the 
base  multiplexer  frequency  is  equal  to  f=l  kHz  (accumulation  time  -  1  ms).  The 
sensitivity  dispersion  does  not  exceed  ±20%.  The  noise  of  PD  as  a  whole  is 
determined  by  multiplexer  noise  and  it  is  several  times  more  than  calculated  2ql  noise 
of  a  particular  photoresistor. 


Fig.2  The  dependence  of  output  photosignal  vs  element  number.  T=10.4K. 

The  dependence  of  PD  sensitivity  vs  blackbody  temperature  seems  to  be  of  special 
interest.  It  is  given  in  fig.3.  Current  sensitivity  was  calculated  using  the  values  of 
output  voltage,  amplification  coefficient,  accumulation  time  and  entrance  capacity. 
The  irradiation  of  the  element  vs  blackbody  temperature  was  calculated  using 
transmission  coefficient  of  ZnSe  window.  One  can  see  that  the  sensitivity  is  rising 
about  30  times  during  blackbody  cooling  from  room  temperature  to  liquid  nitrogen 
temperature  and  exceeds  200  000  AAV  at  bias  voltage  U=2.2  V.  The  sensitivity  rises 
due  to  the  increase  of  nonequelibrium  charge  carriers  lifetime  with  the  level  of 
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Fig.3  The  dependence  of  the  single  element  sensitivity  vs  blackbody 

temperature. 
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Fig.4  The  time  dependence  of  output  signal  for  the  three  values  of  blackbody 
temperature,  l-Tbb=77K,  2-Tbb=250K,  3-Tbb=300K.  Shutter  "on"  and 
"off'  are  marked  by  the  arrows. 

generation  being  lower  at  lower  blackbody  temperatures.  It  is  proved  by  relaxation 
data  of  PD  output  photosignal  of  a  particular  element  given  in  fig.4  for  three 
blackbody  temperatures. 

In  general  the  temperature  dependence  of  the  conductivity  of  LTT<In>  being  used 

as  well  as  the  dependence  of  relaxation  time  of  the  conductivity  vs  generation  level 
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corresponds  to  radiative  recombination.  In  addition  radiative  recombination  seems 
to  be  more  preferable  because  LTT  is  well  known  as  a  compound  used  for  creation  of 
injection  lasers.  On  the  other  hand  there  are  no  enough  experimental  data  for 
LTT<In>  used  in  this  work  which  would  allow  us  to  come  to  the  final  conclusion.  We 
hope  the  wide  possibilities  of  PD  which  is  described  in  this  paper  will  help  us  to  find 
the  answer  on  this  question  in  the  nearest  future. 
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HIGH-PRECISION  DESCRIPTION  OF  MEMORY  EFFECTS 
IN  LOW-BACKGROUND  IR  DETECTORS. 

Boris  I.  Fouks 

Institute  of  Radioengineering  and  Electronics  of  RAS,  Moscow. 


The  devices  incorporating  high-resistivity  semiconductors,  such  as  wide 
band  gap  or  low-temperature  devices,  suffer  often  from  memory  effects. 
These  effects  are  due  to  traps  being  abundant  in  such  semiconductors. 
The  traps  vary  their  charges  by  generation  and  capture  of  free  carriers 
over  nonstationary  processes  caused  by  various  actions.  The  trap  charge 
integrated  for  a  long  time  becomes  so  high  that  creates  the  field  vari¬ 
ations  affecting  essentially  the  current  or  the  other  characteristics 
of  the  operating  devices.  The  higher  the  semiconductor  resistivity,  the 
longer  the  typical  time  of  a  trap  recharging.  Hence  the  characteristics 
of  the  mentioned  devices  at  the  moment  depend  on  the  long  prehistory, 
that  is,  on  all  the  events  which  affected  such  a  device  over  a  long 
period  before  the  moment.  This  worsens  the  performance  of  the  devices. 

Below  the  memory  effects  are  studied  in  more  detail  by  the  example 
of  low-background  IR  detectors.  We  discuss  the  way  these  effects  hamper 
the  use  of  these  detectors,  present  a  high-precision  description  of  the 
memory  effects  for  the  detectors  of  one  important  type,  and  show  that 
such  a  description  allows  to  use  the  mode  of  the  fast  detection  of  in¬ 
cident  fluxes  that  markedly  improves  the  performance  of  the  detectors. 

Low-background  IR  detectors  are  used  to  study  the  radiation  of  the 
Universe  between  3  and  200  pm.  This  radiation  is  very  low.  To  detect 
such  a  radiation  the  extrinsic  silicon  and  germanium  photoconductors 
doped  by  shallow  impurities  and  cooled  to  helium  temperatures  have  to 
operate  in  space.  An  accuracy  of  ~1%  is  required  for  such  measurements. 
In  the  process  the  detectors  exhibit  the  pronounced  memory  effects  with 
the  typical  time  being  as  much  as  lO^s  or  even  longer.  The  length  of  an 
exact  measurement  has  to  be  longer  than  this  time  as  the  detectors  are 
calibrated  at  a  direct  current.  There  is  no  way  to  make  the  calibration 
under  frequent  step-like  flux  changes  being  best  suited  for  the  space 
applications,  since  the  current  in  the  process  is  coupled  ambiguously 
with  the  intensity  of  the  incident  flux  at  the  moment  and  depends  non- 
linearly  on  a  great  body  of  variable  parameters:  the  flux  intensities 
incident  on  the  detector  for  a  long  time  before  the  moment,  their  dura¬ 
tions  and  order.  The  long  time  of  the  measurement  makes  it  very  costly, 
confines  a  list  of  measurements  over  a  space  flight. 

To  detect  fast  the  incident  fluxes  one  has  to  have  an  exact  des¬ 
cription  of  the  transient  current  caused  by  frequent  flux  changes.  The 
memory  effects  render  the  deduction  of  such  a  description  particularly 
intricate.  Nevertheless  it  has  been  deduced  and  is  presented  here.  It 
generalizes  the  theory  of  the  response  on  a  flux  step  after  a  steady 
state  and,  that  is  of  first  importance,  gives  a  key  to  a  large  dividend 
in  the  ability  of  the  detectors  to  solve  space  problems.  Now  it  is  be¬ 
ing  used  to  improve  the  operation  of  the  Si:Ga  detector  arrays  of  the 
Infrared  Space  Observatory  (ISO)  being  launched  this  year. 

To  study  the  physics  of  the  trap  memory  we  consider  the  simplest 
model  of  an  extrinsic  p-type  photoconductor  containing  acceptors  and 
donors  in  concentrations  N  and  Nd<N;  the  donor  level  lies  higher  than 
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the  acceptor  one.  With  no  generation  all  the  donor  electrons  go  in  the 
acceptors  (traps)  with  the  result  that  their  occupancy  by  holes  f  has 
the  equilibrium  value:  fo=l-Nd/N.  The  holes  come  to  the  valence  band 
when  generated  from  the  traps  by  an  IR  radiation.  Since  the  generation 
is  so  low  that  the  free-hole  concentration  p  satisfies  the  condition 

p«Nd.  N-Nd,  (1) 

the  occupancy  of  the  traps  remains  close  to  fo.  The  detector  has  the 
contacts  situated  in  the  planes  x:=0  and  x=l  and  is  under  the  voltage 
Vo,  that  is,  the  mean  field  in  the  detector  is  Eo=Vo/l. 

The  detector  operation  is  described  by  the  simplified  equations  of 
the  total  current  conservation,  of  Poisson,  and  of  the  trap  recharging: 

J/A  =  epEp  +  (e/4ir)  dZ/dt,  (2) 

5E/ax  =  47reN(f-fo)/e,  (3) 

NSf/at  =  p/T  -  G(t).  (4) 

Here  J  is  the  total  current,  E(x,t)  the  electric  field,  e  the  charge  of 
a  hole,  e  the  permittivity,  A  the  cross-section  area;  p  and  t  are  the 
hole  mobility  and  capture  time;  x  =3'N(l-fo),  y  the  capture  coefficient 
If  the  generation  is  optic  its  rate  G(t)=al(t),  where  a  is  the  absorp¬ 
tion  coefficient  and  I(t)  is  the  variable  photon  flux. 

A  boundary  condition  describing  the  contact  injection  of  holes  has 
to  be  added  to  Eqs.2-4.  Under  the  chosen  positive  voltage  the  injecting 
contact  lies  at  x=0  and  the  boundary  condition  has  a  form: 

p(0,At)=p(0,0)exp[AE(0,At)/Ej] .  (5) 

Eq.5  shows  the  way  the  deviation  AE(x,At)  from  the  field  distribution 
existing  in  the  bulk  at  an  arbitrary  initial  instant,  At=0,  varies  the 
near-contact  hole  concentration  p(0,At)  from  its  initial  value.  EjwT/eL 
is  the  characteristics  of  the  injection  ability  of  the  contact;  L  the 
width  of  the  near-contact  space  charge  region,  T  the  temperature  in  the 
energy  units.  Eq.5  implies  a  very  important  general  feature  of  the  con¬ 
tacts  to  high-resistivity  semiconductors:  they  are  ohmic  at  a  steady 
state  but  inject  highly  the  nonequilibrium  free  carriers  during  nonsta¬ 
tionary  processes  owing  to  even  small  field  variations.  If  IR  detectors 
operate  in  space  conditions  the  field  Ej  is  low:  ~10  V/cm  or  even  less. 

Consider  the  physics  of  the  photoresponse  for  the  detector  being  in 
a  steady  state  before  a  flux  change.  Let  the  flux  rises  by  step.  A  flux 
rise  generates  from  traps  the  added  free  holes  which  drift  to  the  drain 
contact  with  the  velocity  vo=fiEo.  This  process  gives  a  step-like  res¬ 
ponse  on  the  flux  step:  its  typical  time  is  equal  to  the  shorter  of  the 
times,  T  or  1/vo.  This  current  step  the  higher,  the  more  the  share  of 
the  generated  holes  swept-out  in  the  drain  contact;  the  rest  holes  are 
trapped  again  fell  short  of  the  contact.  The  lower  the  field,  the  lower 
the  efficiency  of  the  hole  sweep-out  and  hence  the  current  step.  After 
the  step  the  current  varies  very  slowly.  When  a  hole  leaves  a  trap  this 
latter  remains  negatively  charged.  The  trap  charge  rises  as  time  passes 
since  the  holes  continue  to  be  generated  and  swept-out.  This  charge  de¬ 
viates  the  field  from  the  steady-state  value  Eo.  Initially  the  field 
rises  mainly  to  the  injecting  contact  and  falls  to  the  drain  one.  Next, 
spatial  field  oscillations  caused  by  the  trap-recharging  waves  (TRWs) 
appear. ’  ’  Their  amplitude  rises  and  spatial  period  shortens  as  time 


296 


passes.  The  field  changes  affect  the  current  by  two  ways.  Firstly  they 
affect  the  hole  velocity  in  the  bulk  and  thus  the  sweep-out  efficiency. 
This  causes  variously  shaped  current  changes,  including  oscillations, 
with  the  typical  TRW  time  Tb=eAEog/4irj";  here  j"  is  the  steady-state 
current  at  the  given  flux,  g=TVo/l.  Secondly,  the  field  rise  at  the 
point  x=0  increases  the  contact  injection  and  thus  the  current  with  the 
typical  time  Tj=eAEj/4irpj",  where  ^=l-g[l-exp(-l/g)] .  The  times  rj  and 
Tb  depend  on  the  incident  flux.  The  lower  the  flux,  the  slower  the  in¬ 
tegration  of  such  a  charge  which  is  able  to  vary  the  field  sufficiently 
for  an  essential  current  change. 

Hence  the  memory  effects  are  due  to  the  inhomogeneous  field  struc¬ 
ture  caused  by  the  trap  charge  which  is  generated  by  the  elapsed  flux 
changes.  This  field  governs  the  contact  injection  and  the  sweep-out  ef¬ 
ficiency,  and  thus  controls  the  current  response  on  a  new  flux  step.  In 
order  to  describe  with  a  high  degree  of  accuracy  this  response  one  has 
to  describe  first  the  processes  caused  by  the  previous  flux  changes,  to 
find  the  field  everywhere  over  the  bulk  after  these  processes,  and  then 
to  use  this  field  distribution  as  the  starting  one  for  the  required 
description.  This  way  is  real,  promises  a  great  benefit  when  applied  to 
space  observations,  but  demands  cumbersome  numerical  calculations. 

The  above  physical  picture  says  that  this  procedure  can  be  highly 
simplified  without  loss  in  accuracy,  if  the  next  inequality  is  true: 

Ej/Eo«l,  (6) 

If  the  left  side  of  Eq.6  is  negligibly  small  one  can  ignore  the  effect 
of  field  changes  on  the  hole  velocity.  This  means  that  the  field  change 
at  the  point  x=0  only,  but  not  at  every  point  x,  is  responsible  for  the 
^^r'rent  relaxation;  that  is,  the  effect  of  the  elapsed  flux  changes  on 
a  photoresponse  is  described  by  one  parameter.  Indeed,  solving  Eqs.2-5 
in  the  case  of  a  current  relaxation  at  a  fixed  flux  after  arbitrary 
flux  changes  and  designating  3r=4irp/eAEj,  we  obtain  the  next  expression: 

^  (l-^)j”[J(0)-pj“] 

where  the  initial  current  J(0)  reflects  the  effect  of  any  prehistory. 
With  Eq.7  and  the  calibrated  detector  parameters,  p  and  r.  one  can  cal¬ 
culate  J  from  the  response  on  a  short  irradiation  by  a  fixed  flux  and 
defines  this  flux  from  J  and  the  detector  calibration  at  a  dc. 

In  practice  this  general  approach  has  to  be  frequently  specialized, 
as  low-background  detectors  are  very  sensitive  not  only  to  an  IR  irra¬ 
diation  but  also  to  the  the  other  actions,  say,  to  the  fast  temperature 
changes  creating  the  same  contact  injection^  This  has  been  found  in  the 
ISOPHOT_^Si : Ga  detector  arrays  where  flux  changes  cause  low  temperature 
changes.  As  in  these  detectors  Ej/Eo~0.01,  one  would  expect  a  precision 
of  ~1A  from  Eq.7.  But  the  values  ^  and  y  calibrated  in  various  experi¬ 
ments  had  a  scatter  far  beyond  1%  and  ranged  up  to  -100%.  The  analysis 
has  pointed  to  the  temperature  changes  as  a  reason  of  this  scatter. 
With  this  effect  one  can  derive  the  next  expression  instead  of  Eq.7: 

(l-^)[J(0)-^J“]exp[yJ“At+AT(At)/Tj ] 

J(At)=pJ  - - - - ^  (8) 

J(0)-Bj”]^^dt ‘exp[yj”t ‘+AT(t ‘ )/Tj 1 
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with  the  temperature  change  AT(t);  AT(0)=0.  The  detector  parameter  Tj 
is  to  be  of  order  0.1  K.  Hence  even  the  temperature  changes  of  such  an 
order  vary  markedly  transient  processes.  Experimental  tests  have  con¬ 
firmed  that  Eq.8  describes  the  operation  of  the  ISOPHOT  Si:Ga  detector 
arrays  with  a  high  degree  of  accuracy,  that  is  exemplified  by  Fig.l. 

As  noted  at  the  beginning  of  this  paper  the  memory  effects  are 
inherent  in  any  devices  incorporating  high-resistivity  semiconductors. 
In  line  with  this  notion  the  analysis  have  shown  that  at  the  moment  the 
main  obstacles  for  the  treatment  of  the  operation  of  these  arrays  with 

an  accuracy  of  1%  are  created  by  their  cold-readout  electronics  (CRE) 

which  consists  of  silicon  MOSFETs  operating  at  helium  temperatures  and 
thus  exhibiting  the  effect  of  traps  of  the  frozen  substrate.  An  additi¬ 
onal  trap  memory  can  be  also  due  to  a  high  density  of  the  interface 

slow  traps  which  have  to  exist  in  the  real  MOSFETs  operating  at  low 

temperatures  and  currents.  The  distortions  of  the  CRE  amplification 
ranges  up  to  10%  that  limits  now  the  precision  of  the  treatment. 
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Fig.l.  Measured  (dots)  and  fitted  (lines)  photoresponses  of  the  Si:Ga 
detector;  the  used  parameters:  ^=0.575,  Ej=20.8  V/cm,  Tj=0.276  K. 
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1.  Introduction:  Internal  Photon  Streams 

For  future  nanoelectronic  arrays,  complex  signal  processing  and  efficient  computation 
are  required.  A  proposed  new  family  of  HBT-LED-RTD  circuitry  addresses  the  former 
with  A/D  conversion  circuitry  and  the  latter  with  both  binary  and  multivalued  logic. 
We  are  applying  optical  methods  of  current  summation  to  otherwise  electronic  circuitry. 
Precision  photon  streams  are  generated,  and  summed,  that  are  equivalent  to  electron 
currents  in  conventional  circuitry.  Strictly  local  interactions  of  HBTs  and  LEDs  are 
employed,  and  combined  with  stacks  of  vertically  integrated  RTDs  for  stairstep  and  bit 
pattern  generation.  Non-local  (especially  vertical  free-space)  optical  interconnects  are  also 
possible,  and  quite  useful  [1],  but  not  addressed  here. 

The  basic  building  block  is  an  LED  (or  laser)  as  the  load  element  of  an  HBT  amplifier. 
Fig.  la  shows  a  very  simple  case  of  the  new  circuitry.  The  LED's  photon  stream  drives 
the  depleted  base-collector  regions  of  one  or  several  HBTs  in  the  next  stage  (Fig.  lb).  Full 
optical  switching  of  HBTs  and  HBT-like  FETs  was  recently  demonstrated  by  Breglio  [2]. 


Fig.  la  simple  HBT-LED-RTD  Fig.  1b  Basic  Structure 

Circuit 

This  new  circuitry  is  aimed  at  very  high  packing  density:  it  is  essentially  resistor  free; 
it  requires  no  voltage  signal-level  shifting  subcircuits;  the  RTD-HBT  structure  is  3- 
dimensional;  and  parasitic  electrostatic  interaction  of  densely  packed  circuits  is 
prevented  by  the  optical  isolation  and  the  buried  optical  interconnects. 

2.  Fabrication  Sequence 

The  fabrication  sequence  for  the  LED  is  based  on  a  significant  body  of  recent 
accomplishments  by  the  workers  in  the  field  [3]:  GaSb  substrate,  n-GaSb(2yim, 

n-AlSb(4nm),  GaSb(50nm),  p-AlSb(4nm),  p-GaSb(l\im),  metal  (Fig.  2).  Electron-hole 
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Fig.  2a  LED  Structure  Fig.  2b  Band  Diagram, 

no  bias  applied 
(direction  of  light 
emission  indicated) 


Fig.  3a  HBT  Structure  Fig.  3b  HBT  Band  Diagram 

recombination  occurs  in  the  undoped  GaSb  layer  which  has  a  refraction  index  of  4.0  and 
is  also  used  as  the  optical  conduit  between  stages.  The  AlSb  barriers  are  thin  enough  for 
carrier  tunneling  and  also  act  as  confinement  layers  (RI=3.8)  for  the  optical  conduit.  For 
the  HBT,  the  top  three  layers  are  etched  off  preferentially,  and  are  regrown: 
p-GaSb(50nm),  n-AlSb(lOnm),  n-GaSb(lpm),  metal  (Fig.  3). 

Resonant  tunneling  transistors  (RTTs)  are  some  of  the  most  important  components  in 
nanoelectronic  circuitry  [1,  4,  5].  Near-term  and  quite  robust  RTTs  are  implemented  as 
HBTs  with  series  of  RTDs  in  the  emitter  branch.  For  this  purpose  a  stack  of  equal-sized 
RTDs  is  grown  on  the  HBT  emitter:  m  times{spacer,  AlSb(5nm),  InAs(5nm),  AlSb(5nm)}, 
GaSb(500nm),  metal  (Fig.  4a).  The  RTDs  exhibit  peaks  of  similar  height  (Fig.  4b).  To 
implement  certain  ternary  and  quaternary  logic  functions,  RTDs  with  different  peak 
currents  are  used  (Fig.  4c)  which  will  be  covered  in  a  future  publication. 


Ga  Sb  (0.5ji) 


2  3  4  0  1  2  3  4 


Fig.  4b  RTDs  of  Equal  Design  Fig.  4c  RTDs  with  Different 

(not  to  scale)  Peak  Currents 

(not  to  scale) 


3.  Metering  of  the  Photon  Stream 


In  earlier  A/D  converter  and  multivalued  logic  work,  resistor  ladders  were  used  to 
divide  the  signal  input  voltage  in  ratios  of  the  powers  of  two  [4, 5],  but  resistors  are  very 
wasteful  in  chip  area  and  preclude  attempts  at  extremely  dense  component  packing.  In 
the  optical  domain,  however,  the  width  of  the  waveguides  can  be  tailored  in  highly 
compact  fashion;  precision  metering  of  the  photon  stream  in  a  4:2:1  (or  possibly  8:4:2:1) 
ratio  affor^  a  most  compact  implementation  of  A/D  converters  and  redundant  positive¬ 
digit  multivalued  logic  similar  to  the  earlier  work.  There  are  two  ways  of  accomplishing 
this.  In  the  first  approach  the  photon  stream  is  tailored  (Fig.  5a)  and  the  recipient  RTDs 
are  all  of  the  same  size;  the  HBTs  act  only  as  photon-to-electron/hole-pair  converters, 
and  as  linear  amplifiers  [5].  The  least-significant-bit  subcircuit  (LSB)  receives  the  full 
photon  stream,  with  a  conduit  width  of  four,  and— in  terms  of  the  transfer  functions  of 
Fig.  5b-it  switches  most  rapidly.  The  next  bit  (width  of  two)  switches  at  1/2  that  rate, 
and  the  most  significant  bit  (MSB,  width  of  one)  at  1/4  the  rate.  This  4:2:1  ratio 
generation  by  means  of  tailoring  the  photon  stream  is  equivalent  to  resistor  ladder 
tailoring  of  the  voltage  each  bit-subcircuit  receives  [4,  5].  The  transfer  curve  is  equally 
well  suited  for  non-Gray  code  AEXZs  similar  to  [4],  for  redundant  positive-digit 
multivalued  logic  [5],  and  for  higher-order  binary  adder  building  blocks  [6]. 


OPTICAL 

CONDUITS 

RTD 

Stacks 


LSB  MSB 


Fig.  5a  4:2:1  Tailoring  of  the 
Photon  Stream 


Fig.  5c 


4:2:1  Tailoring  of  the 
RTD  Stacks 
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In  the  second  approach  all  the  photon  streams  are  the  same,  and  the  recipient  RTD 
stacks  are  tailored  instead  (Fig.  5c)  [7].  Here  the  RTD  stack  with  an  area  of  one  switches 
most  often  (LSB),  in  terms  of  the  transfer  function,  and  the  one  with  an  area  of  four  least 
often  (MSB).  This  again  replaces  (in  the  photon-stream  domain)  the  resistor  ladder 
operation  (in  the  voltage  domain)  of  the  earlier  circuit  concepts.  The  second  method  is 
preferred  initially,  before  experimental  data  is  available  on  design  methods  for  the 
accurate  photon  stream  metering  under  the  first  approach. 
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4.  Device  Designs 

Device  calculations  and  initial  layout  designs  were  conducted.  Minimum  LED 
dimensions  of  3x3  yun^  appear  most  suitable  for  the  early  experiments  in  order  to  get  an 
even,  high-intensity  light  output.  Minimum  HBT  dimensions  of  1x3  pm^  are  considered 
initially  but  may  have  to  be  increased  when  the  4:2:1  area-tailored  RTD  stacks  are  grown 
on  the  emitter.  For  future  implementations  of  this  new  IC  family  with  highly  scaled- 
down  devices,  area  reductions  of  over  180:1  are  expected  in  comparison  to  conventional 
implementations  using  resistor  ladders. 

5.  Conclusions 

Many  electron  current  properties  of  conventional  circuits  are  duplicated,  or  improved 
upon,  by  the  photon  stream  properties  of  this  new  HBI-LED-RITD  circuit  family.  Of 
particular  importance  is  the  precision  metering  of  these  photon  streams  and  the  highly 
compact  bit  pattern  generation  for  ADCs,  multivalued  logic  and  multivalued  arithmetic. 
Very  high  component  packing  densities  appear  feasible. 
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ABSTRACT 

bav. 

mam^eam  technology  such  as  epitaxial  growth  followed  nanolithography 

comph^ted  ^d  seems  to  approach  its  limits  both  in  terms  of  minimtS^  and  2SnT^?tns^ 

novel  nan^e  array  devices  [3]  made  b>'  electrochemical  dqjositio^S^of  met^ 
^  anoAc  ^ummum  oxide  (AAO)  templates.  Tliis  method  allows  us  to  pr^  different  nano-scale 
SS  A  W  nano-wire  arrays  and  their  combinations)  with  a  high  packing  density 

chuTar^’c^^nt  ®  *  *  n^o-wires  sandwiched  in  between  metal/oxide  layers  have  shown  stair-case  I-V 

0^^  jTcSinSj"'”'^^  single-electron  tunneling  through  low- 

In  this  presentation,  we  report  some  new  interesting  features  observed  in  a  novel  structure  of  metal  nano- 
we/semiOT^uctOT  Mti-dot  array  famcated  by  using  the  above  non-lithographic  method.  The  Ni-wire  array  was 

^  res^vely.  After  etching  back  part  of  the  AAO  matrix  to  expose  the  top  portion  of  the  wires  a 

1  nm  duck  ^  of  n-QK  iras  electrochernically  deposited  The  semispherical  top  of  Ni  nano-wire  in  this  structurc’is 

^  V‘  between  the  Ni  core  and  the  CdS  shell  consists  most  probably  of 

to  t£  with  S  as  a  result  of  exposure  to  air  prior  to  CdS  dcj^tion^d 

to  tiie  CdS  dqx)sition  medium  at  elevated  temperatures. 

K  “fas“e®ents  on  several  samples  have  been  performed  by  using  a  semiconductor  parameter 

eleejneal  shield  box  in  order  to  avoid  the  affect  of  noise  from  outside^  room 
Pf  of  conductance  were-6bser^'ed  at  room  temperature  as  shown  in  Fig  2  when 

ohmfr  ™  'voltage  (pyw-as^^ihed  to  CdS  as  shown  m  Fig.  Ha).  The  periodic  oscillation  is  superimposed  on  an 

1^  ^  ^  oscillations  were  counted  in  the  range  0  to  500 

( f  /I , ).  The  pOTod  of  oscillations  is  as  small  as  12  mV,  which  is  smaller  than  kT/q~26  mV,  at  114  I  <  200  mV 

to  1  ^0 Step  for  a  single  oscillation  is  20  The  periods  and  the  oscillation  amplitudes  tend 

^  ^  P«r^ennore,  a  negative  conductance  ^^jears  at  around  400  mV 

““ 

ctsK 

tte  to  flK  CdS.  roJiTZS^ 

dM  nanom^  halMieB  poteonal  weU  induced  at  the  NiCW/CdS  interface,  quantizadon  of  the 
pojnt  ^oct  a  flu,  tip  Of  Ni-wi«.  and  quantum  fluctuatttm!^  In  the  etqtlanii^g  a 

'k'oty  »  thot  of  the  mnlti<oupIed^nann.,ire. 

tunnelmg  resistivity  of  our  sample  is  approximately  0.25f2  which  is  smaUer  than  25.8  K£2  of  resistance 

SS^t  of  ®  taxmelmg  model,  it  will  be  needed  to  extend  the  usual 

^el  to  that  of  sen^hencal  system  with  electron  tran^rtation  from  3-dimension  to  1-dimension  Actuallv  it  has 

SSe''r£St  ^  « the  turfaL  jTSt^SS 

^  parabohe  system,  penodic  conductance  osciUation  may  be  observed  because  the  enerev 
spaemgs  of  localized  states  are  equal.  Details  will  be  presented  in  our  talk.  oecause  me  energy 

trith  r'‘  “  hi  large  ama  eiectioluminescence  display 

With  reduced  voltage.  To  this  end,  different  matenal  combinations  are  being  explored,  and  will  be  reported  as  wcU^^ 
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Voltage  Period  of  Oscillation  (mV) 


Fig.3 :  Voltage  Period  of  Oscillation  on  Applied  Volfage(Vj^)  Rg.4 ;  Conductance  ratio  on  Applied  Voltage{Vj^) 
"  GD  snd  GO  are  maxiaunzi  ^n<y  Tninitmim  values  of 

conductapoe  osdllatiott  respectrvi^ 
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PhotoefFect  as  a  possible  explanation  for 
conductance  quantization  in  nanostructured 
GaAs  Schottky  diodes 


H.-W.  Hiibtrs,  E.  Briindermann,  H.  P.Roser 
DLR,  Institute  for  Space  Sensor  Technology 
Rudower  Chausse  5,  D- 12489  Berlin,  Germany 


Nanostructured  GaAs  Schottky  diodes  are  frequently  used  as  nrixers  in  THz  het¬ 
erodyne  receivers.  Experiments  have  shown  (see  paper  of  H.  P.  Roser  et  al.  at  this 
conference)  that  the  optimum  current  lopt  which  is  necessary  to  achieve  lowest  re¬ 
ceiver  noise  is  given  by 

lopt  =  Keu,  (1) 

where  i/  is  the  frequency  of  the  local  oscillator  (LO)  radiation  (from  a  far-infrared 
laser  or  a  klystron)  which  pumpes  the  Schottky  diode  mixer  and  e  the  electron 
charge.  Ne  is  the  number  of  electrons  which  contribute  to  the  optimum  current 
lopt  (about  1300  to  4500).  These  electrons  are  due  to  an  active  depletion  volume 
of  thickness  Ddepi  (about  200A  to  300A).  A  remarkable  result  is  that  the  electron 
transport  in  these  diodes  is  governed  by  h/e^. 

The  electrons  move  ballistically  through  the  active  depletion  volume.  This  is 
supported  by  the  experimental  fact  that  cooling  of  the  diodes  down  to  20  K  lowers 
the  noise  only  by  a  small  amount  (less  than  30%).  Part  of  this  improvement  is  not 
due  to  the  Schotky  contact  itself  but  due  to  the  embedding  network.  In  addition, 
the  thickness  of  the  active  depletion  volume  Ddepi  is  smaller  than  the  mean  free  path 
L jp  indicating  ballistic  transport  of  the  electrons  already  at  room  temperature  (see 
table  1). 


Diode 

J118 

117 

1112 

1T15 

Ddepi 

[A] 

324 

270 

260 

210 

[A] 

835 

635 

520 

350 

Table  1:  Thickness  Ddepi  of  the  active  depletion  region  and  mean  free  path  Lfp  of 
the  electrons. 


As  a  possible  explanation  for  these  results  we  propose  a  photoeffect.  At  the  LO 
power  levels  used  in  the  experiments  the  Schottky  diode  can  be  considered  as  a 
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(2) 


square  law  type  mixer.  For  such  a  device  the  photocurrent  is  given  by 

I  = 

hv 

where  t)  is  the  quantum  efficiency  of  the  mixer.  The  LO  power  can  be  replaced  by 
=  nhv^  with  n  the  number  of  photons  emitted  by  the  LO.  Under  optimum 
mixing  conditions  (i.e.  lowest  receiver  noise)  the  quantum  efficiency  is  given  by 
T]  =  Ne/n.  Together  with  eq.  (2)  this  yields  eq.  (1).  Furthermore  we  assume  that 
one  photon  is  absorbed  by  one  electron.  The  energy  of  the  photon  is  transformed 
into  kinetic  energy  of  the  electron.  If  one  expresses  the  kinetic  energy  W kin  in  terms 
of  a  voltage  Vo,  meaning 

Wkin  =  eVo  =  hu,  (3) 

one  gets  in  combination  with  eq.  (1) 

H  =  (4) 

The  voltage  Vo  can  be  determined  from  the  mobility  of  the  electrons.  A  plot  of  Vo 
as  a  function  of  lopt/Ne  yields  (25750±600)fi  in  close  agreement  with  h/e'^. 

The  important  consequence  of  eq.  (4)  is  that  a  single  electron  is  connected  to  the 
fundamental  resistance  h/e^.  Since  the  active  depletion  region  of  the  Schottky  diode 
has  to  be  filled  and  emptied  within  one  cycle  of  the  LO  radiation  the  electron  has  to 
move  the  distance  ‘iDdepi  within  the  time  of  one  LO  cycle.  The  classical  resistance 
of  a  sample  of  length  2Ddepi  and  cross  section  A  is  given  hy  R  =  2Ddepi/{crA)  with 
the  conductivity  given  by  cr  =  efiNd-  This  leads  to 


The  measured  series  resistance  Rs  is  bigger  than  R  because  it  includes  contributions 
from  the  undepleted  epitaxial  layer  and  the  GaAs  bulk  material  (see  table  2).  Eq.  (5) 
describes  the  resistance  of  a  classical  network  of  resistors  of  magnitude  hje^  in 
parallel.  This  view  is  supported  by  a  power  analysis.  If  the  energy  is  of  photons  is 
transformed  into  the  optimum  current  through  a  resistor  R,  i.  e.  one 

gets  again  eq.  (5).  This  equation  might  be  viewed  as  a  special  case  of  the  Landauer 
Buttiker  formula  with  two  electrons  per  channel. 


Diode 

J118 

117 

1112 

1T15 

Rs 

[D] 

30 

13 

33 

20 

R  =  h/(iVee2) 

[fi] 

9.2 

5.7 

11.7 

19.9 

Table  2:  Resistances  of  the  Schottky  contact.  Rs  is  the  measured  series  resistance 
which  is  bigger  than  R  because  it  includes  contributions  from  the  GaAs  bulk  mate¬ 
rial. 
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Switching  Behavior  of  Quantum  Cellular  Automata 


P.  Douglas  Tougaw  and  Craig  S.  Lent 
Department  of  Electrical  Engineering 
University  of  Notre  Dame,  Notre  Dame,  46556 


There  has  been  considerable  recent  interest  in  the  possibility  of  developing  a 
device  technology  based  on  interacting  quantum  dots.  It  has  b^n  shown  theoretically  that 
digital  circuits  could  be  constructed  from  cells  composed  of  Coulomb-coupled  quantum 
dots  in  a  so-called  quanmm  cellular  automata  (QCA)  design.  Within  each  cell,  electrons 
can  tunnel  from  dot  to  dot.  Between  cells  tunneling  is  suppressed  but  the  Coulomb 
interaction  remains.  This  transistor-less  technology  would  be  based  on  mapping  the 
ground-state  of  the  many-electron  problem  onto  the  solution  of  the  computation^  problem 
at  hand.  To  date,  attention  has  focussed  primarily  on  determining  the  ground  state  of  the 
cellular  array  and  verifying  that  the  correspondence  with  useful  computational  problems 
can  be  made.  Here  we  focus  on  the  dynamic  switching  behavior  of  QCA  arrays. 

Each  QCA  cell  consists  of  four  quanmm  dots  with  two  electrons  mnnelling 
between  the  dots.  A  fabrication  schematic  and  two  examples  of  such  cells  are  shown  in 
Fig.  1.  While  the  near-neighbor  distance  between  two  dots  within  one  of  these  cells  could 
be  as  large  as  20  nm,  cell  response  will  improve  as  this  distance  is  reduced. 

Due  to  the  electrostatic  interaction  between  the  two  electrons  within  a  cell,  they 
tend  to  align  on  antipodal  dots  as  shown  in  Fig.  1.  To  measure  how  closely  the  state  of  a 
given  cell  matches  one  of  these  two  arrangements,  we  define  the  cell  polarization.  As 
indicated  in  Fig.  1,  the  cell  on  the  left  has  a  polarization  of +1  while  the  cell  on  the  right 
has  a  polarization  of  -1.  Cells  that  are  in  a  mixture  of  these  two  states  will  have  an 
intermediate  polarization  between  -1  and  +1. 


Exposed  Surface 


etal  Gate 

Dielectric 

2DEG 
at  interface 

Substrate 


p=+i  p=-i 


Figure  1.  Schematic  diagram  of  typical  quanmm-dot  cells.The 
fabrication  schematic  shows  how  such  cells  could  be  fabricated. 
The  two  cells  shown  on  the  right  demonstrate  the  two  polarization 
states  of  the  QCA  cell. 
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Figure  2.  The  cell-cell  response  function.  The  effect  of  the 
polarization  of  one  cell  on  the  polarization  of  a  neighbor  is  highly 
nonlinear  and  bistable. 

When  such  cells  are  placed  near  one  another,  the  electrons  interact  Coulombically 
(tunneling  between  cells  is  suppressed).  This  Coulombic  interaction  causes  the 
polarization  of  one  cell  to  have  an  effect  on  the  polarization  of  its  neighbors.  If  we  vary  the 
polarization  of  one  cell  and  measure  its  effect  on  the  polarization  of  a  neighboring  cell,  we 
can  generate  the  “cell-cell  response  function”,  which  is  shown  in  Fig.  2.  The  highly 
nonlinear  and  bistable  nature  of  this  response  function  indicates  that  it  will  be  possible  to 
rapidly  recover  from  local  decreases  in  polarization  due  to  fabrication  irregularities. 
Essentially,  one  is  using  the  physics  of  the  two-electron  system  to  provide  the  nonlinearity 
which  plays  the  role  of  gain  in  conventional  devices  —  restoring  signal  levels  at  each 
stage.  Note  that  current  gain  or  voltage  gain  are  not  appropriate  concepts  here  because  the 
signal  is  being  encoded  in  the  cell  state  rather  than  in  a  classical  voltage  or  current. 

When  a  linear  array  of  these  cells  is  created,  the  information  encoded  at  one  end  of  the 
wire  is  transmitted  to  the  other  end.  The  behavior  of  a  line  of  cells  is  shown  in  Fig.3. 


Such  a  “binary  wire”  can  be  used  to  connect  logical  devices  constructed  using 
QCA  cells.  The  most  fundamental  QCA  logical  device  is  the  majority  logic  gate,  shown  in 
Fig.  4.  In  a  majority  logic  gate,  the  device  cell  (in  the  niiddle)  and  the  output  cell  (shown 
here  on  the  right)  align  in  the  same  direction  as  a  majority  of  the  three  inputs.  The  output 
can  then  be  connected  to  other  devices  using  a  binary  wire.  In  addition,  a  majority  gate  can 
be  used  to  create  a  programmable  AND/OR  gate  if  one  of  the  three  inputs  is  taken  to  be  a 
program  line  to  select  between  the  two  functions.  Using  majority  logic  gates,  binary  wires, 

1 


Figure  3.  Transmission  of  information  along  a  binary  wire. 
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10  10 
u  •!  [•“ 

!□□□!  !□□□!  !□□□! 

•  •  •  • 

•  •  •  • 

1  10  0 
Figure  4.  Four  different  majority  logic  gates.  The  device  cell  (in 
the  center)  and  the  output  cell  (to  the  right)  always  match  a 
majority  of  the  three  inputs. 

and  inverters  (which  are  realized  by  using  the  cell’s  diagonal  anti-voting  behavior),  it  is 
possible  to  generate  any  Boolean  function.  The  most  complex  function  simulated  thus  far 
is  a  one-bit  full  adder,  which  requires  only  1.5  square  microns  using  the  largest  design  rule. 

The  dynamic  behavior  of  a  binary  wire  is  shown  in  Fig.5.  At  t=0  ps,  the  cell  on  the 
left  side  of  the  wire  has  been  switched  and  is  held  at  P=+l.  In  the  time  immediately 
following  this  switch,  the  other  cells  in  the  line  also  proceed  to  switch  in  that  direction.  By 
t=20ps,  the  polarization  “kink”  has  almost  completely  left  the  system.  The  propagation 
time  of  approximately  2  ps  per  cell  will  decrease  as  cell  size  shrinks;  a  tnacromolecular 


Figure  5.  The  dynamic  behavior  of  a  binary  wire. 
Propagation  of  information  between  neighboring  cells 
requires  approximately  2  ps,  but  this  time  will  decrease  as 
cell  size  shrinks. 
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implementatioii  of  these  cells  would  propagate  infonnation  100  times  faster  than  this. 

Finally,  the  dynamic  response  of  a  majority  logic  gate  is  shown  in  Fig.  6.  In  this  case,  the 
binary  wires  leading  up  to  each  of  the  inputs  and  away  from  the  output  have  been  included 
for  completeness.  Before  t=0,  a  majority  of  the  three  inputs  are  in  the  P=-l  state,  but  the 
bottom  input  is  then  switched  so  that  the  majority  changes  to  P=+l.  The  device  cell  and 
the  output  cell  correspondingly  change  directions,  and  the  kink  begins  to  propagate  away 
from  the  majority  gate  just  10  ps  after  the  input  was  fully  switched. 
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Figure  6.  The  switching  response  of  a  majority  logic  gate  with 
input  and  output  leads.  A  change  in  the  bottom  input  causes  the 
output  cell  to  change,  and  the  Idnk  is  propagating  away  from  the 
device  just  10  ps  after  the  cell  is  switched. 
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A  Percolation  Model  for  Rapid  Vacancy  Diffusion  during 
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Abstract 

EDgh  concentrations  of  vacancies  at  the  initial  stages  of  void  growth  in  narrow 
metal  film  very  large  scale  integrated  circuit  conductors  can  affect  vacancy  diffusion  in 
ways  which  cannot  be  modeled  through  straightforward  application  of  Pick's  laws  of 
diffusion.  This  effect  can  be  seen  in  the  nonlinear  relationship  between  atomic  flux  and 
atomic  density  in  the  initial  stages  of  the  high  resolution  resistance  measurements  which 
are  indicative  of  void  growth  within  metal  films.  To  date,  the  various  models  for  void 
growth  contain  only  partially  satisfactory  explanations  for  observed  experimental 
behavior.  In  this  paper,  a  model  utilizing  percolation  theory  is  presented  that  allows  for 
mathematical  analysis  of  the  observed  non-linear  incremental  resistance.  This  model 
can  account  more  simply  and  realistically  for  experimental  results. 

I.  Introduction 

As  line  widths  have  narrowed  in  VLSI  circuits,  an  in-depth  understanding  of  the 
complex  modes  of  failure  in  minimum-size  conductors  has  become  imperative. 
Electromigration,  because  of  its  ubiquitous  nature  and  catastrophic  results  (including 
complete  opening  or  shorting  of  circuits),  has  received  especial  attention.  A  variety  of 
different  models  related  to  the  basic  physical  mechanisms  leading  to  electromigration 
have  been  suggested  [1-6]  but,  as  De  Munari,  et  al.  [7]  have  stated:  "Overall 
comprehension  of  the  phenomenon  is  still  unsatisfactory."  What  is  known,  however,  is 
that  a  key  cause  of  failure  in  metal  film  conductors  is  void  growth. 

There  is  a  substantial  amount  of  stress  on  thin  metallic  films  deposited  on 
oxidized  silicon  substrates.  This  stress  has  been  hypothesized  to  be  alleviated  through 
void  growth  that  occurs  during  cooling  and  room  temperature  aging.  Voids  grow  by 
the  diffusion  of  vacancies  provided  by  dislocation  climb  to  the  stress  free  void  surface. 

A  dislocation  climbing  under  the  influence  of  the  vibrational  frequency  of  the  lattice 
will  continue  until: 

Q  =Cvoexp(-oQv/A:7)  (1) 

where  Qo  is  the  thermal  equilibrium  vacancy  concentration  in  the  absence  of  stress,  fly 
is  the  vacancy  volume,  and  a  is  the  amount  of  stress  retained  in  the  metal  conductor 
after  passivation[8].  Each  dislocation  leaves  behind  a  sheet  of  vacancies  which  disperse 
throughout  the  metal  crystal.  In  a  narrow  conductor  with  "bamboo"  structure  containing 
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voids  at  some  of  the  grain  boundaries,  vacancy  diffusion  along  the  grain  boundaries  to 
the  voids  can  be  assumed  to  be  practically  instantaneous  compared  to  lattice  diffusion. 
Thus  the  flux  of  vacancies  can  be  considered  to  be  equal  to  the  flux  of  lattice  vacancies 
into  a  grain  boundary  with  a  void. 

Furthermore,  if  two  vacancies  are  formed  on  neighboring  lattice  sites  in 
aluminum,  the  resulting  double  vacancy  is  more  stable  than  the  configuration  consisting 
of  two  single  vacancies  far  apart.  The  activation  energy  for  the  motion  of  a  double 
vacancy  through  any  face  centered  cubic  metal  crystal  is  about  one-half  that  for  a  single 
vacancy.  Vacancy  pairs  are,  therefore,  highly  stable  and  highly  mobile  in  metals  such 
as  aluminum  [9]. 

A  common  misconception  about  diffusion  is  that  it  occurs  when  atoms  or,  in  this 
instance,  vacancies,  simply  switch  places.  In  actuality,  a  simple  exchange  of  position 
does  not  allow  long-range  migration  to  occur.  After  any  exchange,  a  given  vacancy 
must  move  yet  again  away  from,  instead  of  back  into,  its  initial  position.  After  these 
two  moves,  the  vacancy  will  have  completed  one  diffusion  step  in  an  fee  lattice.  (In  the 
silicon  lattice,  by  way  of  contrast,  a  vacancy  must  diffuse  to  at  least  a  third-nearest 
neighbor  in  order  to  complete  one  diffusion  step.) 


Figure  la:  Configuration  of  vacancies  Figure  lb:  Corresponding  energies  of 

at  high  concentration.  the  vacancies. 

Figure  1  illustrates  the  vacancy  potential  as  a  function  of  coordination  site  away 
from  a  pair  of  vacancies.  The  important  idea  to  catch  here  is  that  the  presence  of  a 
vacancy  within  four  "moves"  of  a  vacancy  pair  lowers  the  effective  energy  of  formation 
of  a  vacancy  by  Et,:  the  binding  energy  between  a  vacancy  at  position  "0"  and  a  vacancy 
on  a  second  neighbor  site  "2".  In  this  case  the  second  neighbor  site  "2"  is  also  a  second 
neighbor  site  "2'"  from  F,  or  thus  the  vacancy  has  the  same  energy  in  this  site  as  in 
site  "2",  and  it  can  diffuse  directly  from  F,  to  Fj  or  F'^  with  a  potential  barrier  height 
smaller  than  that  existing  for  the  diffusion  of  an  isolated  vacancy.  If  a  sufficient 
number  of  vacancies  are  connected  in  this  way,  they  can  freely  diffuse  in  accelerated 
fashion  through  that  portion  of  the  lattice.  Using  the  language  of  percolation  theory,  we 
will  refer  to  that  portion  of  the  aluminum  lattice  which  is  exceptionally  dense  with 
vacancies  as  a  "cluster."  The  concentration  of  vacancies  in  that  cluster  would  be 
considered  as  having  reached  or  surpassed  the  percolation  threshold,  p^. 
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II.  The  Percolation  Threshold  and  High  Concentration  Vacancy  Diffusion 

When  concentrations  of  vacancies  become  very  high,  in  fact,  high  enough  that 
the  effective  energy  of  formation  is  lowered,  we  find  that  Dy  (the  general  vacancy 
diffusion  coefficient  within  the  lattice)  does  not  linearly  relate  Jy  (the  vacancy  flux)  to 
the  variation  in  vacancy  concentration.  That  is: 

Jy  ^  Dy  dCy/dX.  (2) 

This  inequality  occurs  because  an  implicit,  yet  fundamental  assumption 
contained  within  Tick's  Laws  is  that  diffusing  particles  execute  diffusion  jumps 
independently.  As  we  have  shown,  however,  when  the  vacancy  concentration  is 
increased,  the  number  of  available  lattice  sites  at  which  vacancies  can  remain 
unperturbed  by  other  vacancies  begins  to  diminish  significantly.  The  result  is  that  the 
effective  concentration  of  vacancies  is  increased  by  a  factor  of  F  =  exp(FVifc7)[10]. 

The  corresponding  flux  at  these  high  "percolation"  vacancy  concentrations  is  therefore  . 
given  by: 


/v'’“  =  FJy^^  (3) 

If  P„  is  the  probability  that  a  given  vacancy  belongs  to  a  cluster  large  enough  to 
have  the  accelerated  diffusion,  the  total  vacancy  flux  is  given  by: 

Jv  =  (l +  (4) 

with  the  effective  diffusion  being  characterized  by  the  expression: 

=  (1  -  +  PJDy^”‘  (5) 

We  note  that  is  actually  the  strength  of  an  infinite  network,’  for  which  we 
have  a  formula: 

F„  =  K'(p  -  =  K{j>lp,  -  1)P  (p  >  pj  (6) 

Using  this  formula,  we  find  that: 


F«  =  0 

P.  =  K{Cy  /Cy^  -  1) 


0.4 


for  Cy  <  Cy^  (7a) 

for  Cy  >  Cy^.  (7b) 


The  lattice  of  fourth-neighbor  positions  that  have  equivalent  lowered  binding 
energy  at  the  second-neighbor  position  has  a  coordinance  of  20.^  For  this  lattice, 


P,  is  the  first  moment,  ,  of  percolation  theory,  which  is  the  probability  of  an  arbitrary  site 
belonging  to  the  infinite  network.  It  should  not  be  confused  with  p,  which  is  the  probability  of  an 
arbitrary  site  being  occupied  by  a  vacancy. 


^The  coordinance  of  this  particular  configuration  is  calculated  by  counting  the  number  of  positions 
on  an  fee  lattice  which,  at  four  moves  away  from  the  given  initial  position,  also  have  the  same  number 
of  moves  away  from  each  other  at  the  second  position. 
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0.073.  The  beta  parameter  of  0.4  is  the  critical  order  exponent  in  three  dimensions  [11]. 
K  is  computed  to  be  0.85,  so  that  ~  1  for  ^  2.5  [10][12]. 

From  geometrical  considerations,  then,  we  find  that  the  critical  "percolation" 
concentration  of  vacancies  is 


w  4.4  X  10^'  cm’^ 

Note  that  this  concentration  of  vacancies  is  not  found  throughout  the  metal 
crystal,  but  rather  only  in  those  clusters  large  enough  and  concentrated  enough  to  have 
the  accelerated  diffusion.  Since  sheet  dislocations,  for  instance,  introduce  vacancies 
along  a  single  plane  at  concentrations  even  higher  than  that  of  Cy^,  this  value  appears 
to  be  quite  reasonable. 


t 


Figure  2.  Two  different  behaviors  of  resistance  changes  during  and  after 
electromigration  experiments  on  passivated,  Al-1%  Si/TiN/Ti  submicron  lines 
subjected  to  a  current  density  of  2  MA  cm'^.  Measurements  taken  at  a  true  test 
temperature  of  240  °C  on  a  common  time  scale.  (From  De  Munari,  et  al.  [7]). 

It  has  been  assumed  [7]  that  relative  resistance  variations  are  proportional  to 
relative  volume  variations.  The  linear  region  of  Fig.  2  has  been  analyzed  by 
hypothesizing  that  the  relative  resistance  variations  are  proportional  to  the  atomic  drift 
velocity,  tRIR  «  Vp  =  JJN^.  Utilizing  the  expression  for  vacancy  flux  developed  in  (4), 
above,  this  proportionality  can  be  extended  to  the  non-linear  region,  assuming  that  tRIR 
oc  Vp  =  JJN^.  By  means  of  a  percolation  model,  then,  we  have  arrived  at  a  general 
expression  for  vacancy  flux  which  describes  both  the  linear  and  nonlinear  regions. 

III.  Conclusions 

Traditional  modeling  of  void  growth  in  minimum-size  VLSI  conductors  almost 
invariably  assumes  a  constant  coefficient  of  diffusivity.  However,  the  active  production 
of  metal  lattice  vacancies  in  distinct  clusters  of  high  concentration,  particularly  at  the 
early  stages  of  void  growth,  leads  to  a  lowering  of  the  energy  of  formation  of  vacancies 
throughout  these  clusters.  This  in  turn  leads  to  distinctly  accelerated  diffusion  which  is 
very  different  from  that  characterized  by  the  constant  coefficient  of  diffusivity  used  for 
low  level  vacancy  concentrations.  As  a  consequence,  the  non-linear  region  of 
resistance  measurements  in  minimum-size  conductors  has  heretofore  been  inaccurately 
modeled.  Expressions  have  been  developed  in  this  paper  for  variable,  concentration 
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dependent  flux  and  diffusivity  using  the  mathematical  techniques  of  percolation  theory. 
These  expressions  should  allow  for  far  better  understanding  and  more  accurate 
modeling  of  the  complex  mechanisms  of  void  growth. 
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Advances  in  nanostructure  techndogy  have  «iabled  the  fabrication  of 
semiconductor  devices  with  submicrometer  feature  sizes.  In  order  to  gain  insight  into  basic 
device  opeiaticm  and  to  achieve  optimum  device  performance,  computer  simulation  is  an 
impoitant  tool  that  provides  guidelines  for  design  and  device  fabrication. 

In  this  paper  we  present  a  self-consistent  Schrbdinger-Poisson  simulation  of  a 
delta-doped  AlGaAs-GaAs  quantum  dot  grid  gate  device(Rg.  1).  The  potential  profile  of 
the  device  is  obtained  from  the  solution  (rf  the  3-D  Poisson  equation.  Since  the  lateral 
potential  variations(x  and  z-directions)  are  much  more  gradual  than  the  vertical  potential 
changety-direction)  across  the  AlGaAs-GaAs  heterojunction,  we  have  assumed  that 
quantum  confinement  is  realized  (mly  in  tiie  vertical  direction.  Hence,  to  obtain  the  electron 
density,  only  the  1-D  Schrodinger  equation  in  the  vertical  direction  is  solved  adiabatically 
for  the  whole  device.  The  exchange-correlation  energy  within  the  local  density 
approximation,  when  mwe  than  one  dectron  sits  in  the  unit  cell  of  the  device,  is  also  taken 
into  account  The  Poisson  and  Schrodinger  equations  are  discretized  by  a  nonuniform 
mesh  finite-difference  method.  The  potential  and  charge  disUibutions  were  then  computed 
self-consistently  using  the  Newton-Raphson  Successive  Over-Relaxation  (NRSOR) 
approach. 

The  simulation  was  performed  for  a  unit  cell  of  the  device  with  a  pocket  of  electrons 
formed  in  the  quantum  well  under  the  electrostatic  confinement  potential  arising  from  the 
gate.  We  have  examined  the  variations  of  bound  states  in  the  quantum  dot  as  a  function  of 
the  3-D  potential  distribution(Fig.  3).  We  have  also  investigated  the  change  in  the  potential 
and  electron  density  within  the  device  for  different  gate  bias  and  device  temperatures(Fig. 
2).  Moreover,  we  have  simulated  single-electron  charging  ^ects  when  the  condition  for 
integer  number  of  electrons  in  the  de\1ce  is  imposed  on  the  self-consistent 
computations(Fig.  4).  The  quantum  dot  capacitance  was  also  derived  for  a  wide  range  of 
temperatures.  Furthermore,  we  have  also  simulated  the  influence  of  material  interface 
disorder  on  the  potential  and  fluctuations  in  the  coulombic  impurity  charge  distribution  in 
tile  device. 
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FIG.  1.  Device  model  and  boundaiy  conditions  imposed  for  the  3-D  simulation. 


(a) 


HG.  3.  (a)  C(xiducti<m  band  prcrfile  (y-direction)  of  the  quantum  well  and  wavefuncticms 
of  the  Hist  diree  bound  states  at  the  center  of  the  electroi  podcet  (b)  Ccuidttetion  band  and 
wavefuncticms  away  from  the  center,  (c)  Conduction  band  and  wav^uncticsis  under  the 
gate. 


FIG.  4.  A  plot  showing  the  change  in  the  number  of  electrxms  in  tiie  device  as  the  wte  bias 
changes.  (Device  temperature  at  T=4  2K) 
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In  a  spectrum  of  ionic  crystals  there  are  intense  phonon  replicas  of  electron  transi¬ 
tion  lines  in  deep  impurity  centers.  They  occur  due  to  lattice  polarization  by  localized 
electron  in  materials  with  strong  electron-phonon  interaction  [1]. 

Similar  effects  should  be  of  great  importance  in  optoelectronic  devices  based  on 
quantum  nanostructures  due  to  the  strong  localization  of  carriers.  However  the  free 
motion  of  electrons  in  a  quantum  well  plane  or  along  axis  of  quantum  wire  prevents 
to  the  appearance  of  static  polarization. 

In  a  present  paper  it  is  shown  that  additional  confinement  of  carriers  within  quan¬ 
tum  well  and  quantum  wire  which  give  rise  to  the  polarization  of  surrounding  medium 
may  be  realized  in  semiconductors  with  high  ionicity.  In  these  materials  the  polaron 
effect  occurs  due  to  electron  -  polar  optical  phonon  interaction  [2]. 

As  this  take  place,  the  electron  movement  in  well  plane  or  along  wire  axis  is  limited 
by  a  polaron  radius.  The  additional  polaron  localization  lead  to  the  static  displace¬ 
ments  of  the  atom  equilibrium  positions  within  a  localization  area.  In  calculating  the 
electron  optical  transition  probability  the  static  displacements  manifest  themselves 
in  appearance  of  phonon  repliccis  of  the  lines  of  an  electron  transition  between  size 
quantisation  levels.  The  intensity  of  these  phonon  replicas  has  the  same  order  of 
magnitude  as  direct  transition  lines. 

The  electron  state  is  initially  localized  in  quantum  dots  therefore  the  multi-phonon 
effects  similar  to  those  in  deep  impurity  centers  may  occur  without  regard  for  polaron 
polarization.  Nevertheless  a  polarization  within  a  quantum  dot  can  enhance  the  multi¬ 
phonon  processes. 

1.  Quantum  well. 

In  ionic  crystals  the  strong  interaction  with  LO  phonons  results  in  electron  autolo¬ 
calization  in  the  area  of  a  radius  oq.  In  other  words,  the  Pekar  polaron  appears.  We 
will  consider  the  situation  when  a  quantum  well  size  L  is  less  than  a  polaron  radius 


L  <  ao.  (1) 

This  condition  implies  that  the  multi-phonon  processes  are  allowed  by  energy  conser¬ 
vation  law  for  electron  interlevel  transition  in  quantum  nanostructures. 

The  Schrodinger  equation  for  an  electron  located  in  a  quantum  well  is: 

^2 

^  +  V(2:)^n(r)  -1-  ef7(r)^„(r)  (2) 

+  (^/  d^r(vF(r)y'j^(r)  =  £^„(r), 

where  V(z)  is  one-dimensional  potential  of  a  quantum  well  and  I7(r)  is  the  potential 
created  by  the  polar  optical  phonons.  The  last  term  of  the  left  side  of  equation  (2)  is 
the  energy  of  polarized  medium  [2].  Here  m  is  the  effective  mass  of  carrier  and  £  is 
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so-called  optical  dielectric  constant,  1/e  =  1/eoo  ~  l/^o?  by  which  the  inertial  part  of 
a  medium  polarization  is  taJcen  into  account. 

The  condition  (1)  means  that  an  electron  movement  across  the  well  is  fast  and  a 
polaxon  movement  is  slow,  and  therefore  the  adiabatic  approximation  can  be  used. 

The  adiabatic  wave  function  of  an  electron  has  a  form: 

«.(r)  =  li-„(z)x.(r||),  (3) 

where  is  the  wave  function  of  an  electron  in  the  quantum  well,  n  is  number  of 

the  size  quantisation  level  and  Xn(r|i)  is  the  wave  function  of  two-dimensional  polaron 
movement,  and  r||  is  a  two-dimensional  vector.  The  variation  of  the  energy  E  from 
the  equation  (2)  with  respect  to  potential  U (r)  results  in  the  Poisson  equation.  The 
solution  of  this  equation  gives: 

TT(^\  —  _  e  [  (A\ 


T  —  Ti 


The  optimal  potential  energy  U(r)  (4)  corresponds  to  the  deepest  potential  well  for 
an  electron  being  at  the  size  quantisation  level  n. 

Substituting  (4)  in  the  Schrodinger  equation  and  averaging  over  the  fast  move¬ 
ment,  one  obtains: 

“  I?  j  Mh)  =  (5) 

=  (E-  £f)x„(r||), 

Here  is  the  energy  level  of  size  quantisation.  The  solution  of  this  equation 
with  an  accuracy  up  to  the  first  order  on  parameter  (1)  gives: 


-f  a^fiiVoiCo  - 

0,0 


where 


2ma;o 

h 


is  the  Frohlich  constant,  uq  is  the  optical  phonon  frequency,  oq  =  h^e/me^  is  the 
polaron  radius.  The  coefficient  Cq  =  0,4047  has  been  found  in  the  theory  of  two- 
dimensional  polaron  [3] .  We  have  obtained  that  the  numerical  coefficient  Ci  is  equal 
to  Cl  =  0,0682  by  using  the  function  x(r)  of  two-dimensional  polaron  [3]. 

The  equation  (6)  shows  that  the  polaron  energy  dependence  on  the  quantum 
well  shape  and  the  size  quantisation  level  number  is  determined  by  the  value  of  the 
coefficients  q:„„  only.  These  coefficients  are  determined  by  the  wave  functions  of  an 
electron  in  the  quantum  well  in  a  following  way: 

"nn  =  ^  /  dzdzirpl{z)rpl{zi)  \z-zi\.  (8) 

2.  Quantum  wire. 

In  the  quantum  wire  an  electron  oscillates  in  two  directions  transversely  to  the 
axis  of  the  wire  (directions  rx).  These  oscillations  are  fast  corresponding  to  condition 
(1).  A  slow  movement  occurs  along  the  wire  direction  (axis  z). 
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Using  the  adiabatic  approximation,  the  wave  function  may  be  written  as:  ^ii(r)  = 
V’n(rx)Xn(^)-  Averaging  over  the  fast  two-dimensional  movement,  one  obtains  the 
equation  in  Xn(^) 

“  |^^n(2r)Xn(2)  =  {E-  E^^)Xn{z),  (9) 

where  the  optimal  potential  Un{z)  is  determined  by  variational  procedure  similar  to 
that  which  was  used  in  obtaining  equation  (5).  It  was  obtained: 


I  r  -  n  I 


(10) 


The  solution  of  nonlinear  one-dimensional  equation  (9)  was  found  to  have  a  form: 


=  Ef)  -  ^a^huo  In^  {^nnj^  , 


where 

ln/3nn  =  j dVxdVxiV>n(rx)V’n(rxi)ln  ^  (12) 

The  logarithmic  dependence  of  energy  (11)  on  parameter  (1)  accounts  for  the 
necessity  of  cutting  off  the  one-dimensional  Coulomb  potential  in  both  small  and 
large  distances. 

The  dependence  of  the  energy  on  the  size-quantisation  level  number  and  the  cross 
section  shape  of  a  quantum  wire  is  determined  by  the  coefficients  /3nn  from  the  equa¬ 
tion  (12). 

3.  Quantum  dot. 

We  suggest  that  in  a  quantum  dot  the  condition  (1)  is  satisfied  for  all  directions. 
The  medium  polarization  which  exists  within  the  dot  due  to  electron-phonon  inter¬ 
action  depends  on  the  electronic  state. 

Correspondingly,  the  polaron  energy  within  the  quantum  dot  takes  the  form 


=  £<»)  -  I 

J  r  -  ri 


where  V’n(r)  is  the  wave  function  of  an  electron  within  the  quantum  dot.  For  the  dot 
with  characteristic  size  L  this  energy  is: 


(14) 


where  the  numerical  coefficients  7„„  is  determined  by  specific  form  of  the  wave  func¬ 
tions  V’ii(r). 

4.  Optical  transitions. 

The  expressions  (6),  (11)  and  (13)  show  that  the  polarization  state  of  a  medium 
depends  on  the  electron  level  number.  It  means  that  atoms  vibrate  about  different 
equilibrium  positions  for  various  electronic  states  [1]. 

Lattice  relaxation  is  a  very  slow  process  in  comparison  with  optical  transitions. 
Therefore  instantaneous  electronic  transition  in  absorption  of  light  takes  place  in  a 
fixed  value  of  the  potential  which  is  optimal  for  the  lower  level. 
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Correspondingly,  the  emission  transition  occurs  when  the  optimal  potential  of 
upper  level  is  fixed. 

Therefore  the  frequency  of  a  vertical  absorption  transition  differ  from  that  of  an 
emission  transition  [4].  This  difference  of  two  energies  (Stocs  shift)  is  equal  to: 

AE  =  J d^rC4(r)[V’„(r)  -  V’m(r)]  +  J  d\Um{r)[tf)mir)  -  V’n(r)],  (15) 

In  the  structures  being  considered  the  Stocs  shift  is  found  to  be: 

=  +  (16) 
"  -0,5a"^ln,3„  +  -  21n^,„jln  (17) 


From  the  expressions  (16)  -  (18)  one  can  see  that  a  value  of  Stocs  shift  is  deter¬ 
mined  by  the  Frohlich  constant  a  which  is  close  to  unity  m.  II  —  VI  semiconductors 
and  by  the  factor  depending  on  the  type  of  nanostructures. 

In  a  quantum  well  the  Stocs  shift  is  small  in  the  II  —VI  semiconductors  because 
it  involves  a  small  factor  L/cq.  In  a  quantum  wire  the  Stocs  shift  is  larger  since  it 
involves  a  factor  ln(<Zo/^)  >1-  In  a  quantum  dot  the  Stocs  shift  has  a  maximum 
value  due  to  large  factor  cq/L  >  1. 

In  optical  spectra  the  intensive  phonon  replicas  should  appear  when  values  of  the 
dimensionless  Stocs  shift  is  close  to  unity  [4]. 

In  experimental  paper  [5]  up  to  five  phonon  replicas  was  observed  in  a  set  of  CdSe 
quantum  dots  in  a  glass  matrix. 

The  constant  a  for  this  material  is  equal  to  0.5  and  the  Stocs  shift  calculated  in 
the  spherical  potential  well  with  infinite  walls  takes  the  value  AE/huo  =  0.35  —  0.70 
for  the  quantum  dots  of  sizes  L  =  lA  —  2.8  nm. 

According  to  eq.  (18)  the  intensities  of  phonon  replicas  should  increase  with 
decreasing  of  dots  size.  The  same  behavior  w«is  observed  experimentally  [5]. 

This  work  was  supported  by  Russian  Foundation  of  Fundamental  research  (grant 
N  94-02-05047-a). 
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Introduction : 

Since  the  discovery  of  the  ferroelectric  properties  of  crystals  of  Rochelle  Salt,  ferroelectricity 
has  been  traditionally  considered  one  of  the  divisions  of  the  physics  of  dielectrics.  In  this 
context,  wave  propagation  in  rigid  and  deformable  bodies  has  been  the  subject  of  many  works 
[1]  where  the  basic  equations  used  are  either  postulated  or  based  on  intuitive  guidance.  More 
recently,  two  phenomenological  theories  of  piezoelectric  ferroelectric  dielectrics  hag  been 
performed  in  a  consistent  manner  through  deductive  schemes  starting  from  the  basic 
principles  of  continuum  physics.  One  of  them  [2]  is  based  ont  he  fruitful  notion  of  internal 
coordinates  and  starts  from  a  Lagrangian  variational  approach.  The  other  [3]  is  based  on  the 
notion  of  polarization  sublattices  introduced  by  Neel  in  Ferrimagnets  and  uses  the  principle 
of  virtual  power  (d'Alembert's  principle)  and  the  first  and  second  principles  of 
thermodynamics.  A  fundamentally  new  stage  in  the  investigation  of  ferroelectrics  is 
associated  with  the  discovery  of  the  ferroelectric  properties  of  Barium  Titanate.  The  latter  is 
a  ferroelectric  semiconductor  with  a  not  too  wide  forbidden  band  so  it  appeared  possible  to 
use  it  to  investigate  electron  conductivity,  diffusivity  and  other  transport  phenomena. 
Sometime  further  the  semiconductor  properties  of  ferroelectrics  with  the  perovskite 
structure  began  to  be  investigated.  The  class  of  ferroelectric  semiconductors  now  includes  a 
large  number  of  compounds  so  that  the  study  of  ferroelectric  semiconductors  hag  evolved  into 
an  independent  research  direction.  From  a  phenomenological  point  of  view,  consistent 
theories  have  been  recently  devoted  to  the  study  of  elastic  piezosemiconductors  [4,  5,  6]. 
However,  none  of  them  accounts  for  electromagnetic  ordering  and  polarization  inertia  or 
inertia  associated  with  internal  coordinates,  which  are  characteristic  features  of  the 
ferroelectric  behavior  [1, 2]. 

In  the  present  paper  we  shall  construct  a  nonlinear  rotationally  invariant  and 
thermodynamically  admissible  theory  of  deformable  ferroelectric  semiconductors.  On  the 
one  hand,  since  semiconduction  is,  by  essence,  a  dissipative  irreversible  process,  the  use  of 
the  Lagrangian  variational  approach  is  discarded,  the  latter  being  restricted  to 
thermodynamically  reversible  phenomena.  On  the  other  hand,  since  the  vectorial  approach 
(conservation  of  momentum,  moment  of  momentum  etc)  does  not  provide  a  guiding  principle 
in  the  construction  of  the  different  interacting  continua,  we  use  the  energy  approach  known 
as  d'Alembert  principle  in  so  far  as  the  mechanical  and  electromechanical  fields  are 
concerned.  The  latter  uses  weaker  assumptions  than  those  on  which  the  Lagrangian 
formulation  is  based  so  that  nonintegrable  systems  needed  for  the  study  of  irreversible 
processes  are  included.  This  extended  mechanical  and  electromechanical  energy  formulation 
accomodates  invariance  principles  and  uses  the  concept  of  duality  [3-6].  The  principle  of 
objectivity  (invariance  under  a  rigid  body  motion  also  called  rotational  invariance)  is 
essential  to  the  derivation  of  the  interacting  fields  for  which  constitutive  relations  are 
needed.  Recently,  this  approach  was  extended  by  the  author  in  view  of  obtaining  a  unified 
mode  of  expression  including  pure  electromagnetism  (invariance  under  gauge 
transformation)  and  interfacial  properties  (invariance  under  a  scale-change  transformation) 

In  section  1,  the  notations  are  specified  and  the  distinction  between  the  reference  (material) 
and  actual  (spatial)  configurations,  essential  to  account  for  nonlinearity,  is  exposed.  Section 
2  is  devoted  to  mass  and  charge  conservation  equations  where  the  different  cWge  carriers 
that  will  play  a  major  role  when  introduced  in  the  second  principle  of  thermodynamics  to 
account  for  diffusion  processes,  are  given  in  both  configurations  and  in  terms  of 
concentration  of  carriers.  The  electromechanical,  ferroelectric  and  thermodynamical 
equations  including  heat  and  electronic  conduction  and  diffusion  processes  are  derived  in 
section  3.  Comments  and  comparisons  with  previous  works  are  performed. 

1.  Notation  and  distinction  between  material  and  spatial  descriptions 

We  use  the  classical  notation  of  nonlinear  continuum  physics  [2],  either  in  rectangular 

tensor  components  or  in  intrinsic  notation.  An  absolute  Newtonian  chronology  is  used.  The 


general  nonlinear  deformation  of  a  body,  between  its  reference  configuration  Kr  at  time 
t=to  and  its  current  configuration  Kt  at  time  t  is  described,  at  fixed  t,  by  the  transformation 


t 


(1) 


which  carries  the  position  of  a  material  particle  at  to  Xk,  K=1,  2,  3  from  the  undeformed 
region  into  the  position  Xi,  i = 1, 2, 3  at  t  in  the  deformed  region.  Equation  (1)  is  assumed  to  be 
continuous  and  differentiable  as  many  times  as  needed.  The  material  body  occupies  the  open 
set  Dt  of  physical  Euclidean  space  E®  at  t.  The  velocity  v,  the  motion  gradient  F  and  its 
inverse  F~*  are  classically  defined  by 


with 


V  = 


dt 


X  fixed 


F=  I 


dXi 


X.  „  = 


dX 


K 


(2) 

(3) 


^i,K  ^Kj  ~  ’  ^K,i  ^i,L  ~  ^KL  (4) 

where  8^  and  8kt,  are  Kronecker  symbols.  The  Einstein  summation  convention  on  dummy 
indices  is  understood.  For  all  times,  the  Jacobian  determinant  satisfies 

J  =  det I x^  j^  x.  j^  x^^-^  (5) 

where  and  6^^  are  permutation  symbols  in  x  and  X  systems.  The  change  in  a  function, 
referred  to  the  reference  configuration  (material  description),  with  time  as  seen  by  an 
observer  riding  with  the  moving  mass  point  X  is  called  a  material  time  derivative  and  is 
denoted  by 


(6) 


its  counterpart  in  the  current  configuration  (spatial  description)  reads 


F{  x,t ) 


—  F(x,t)  =  —  + - - 

dt  dt  dx-  dt 

1/ 


(7) 


2.  Mass  and  charge  conservation  equations 

Let  p^  and  p  denote  the  matter  density  in  Kr  and  Kt,  respectively.  Then  the  continuity  or 
mass  conservation  equation  takes  either  one  of  the  following  two  forms : 


Pq  -p^  ’  P  =  0 


(8) 


Semi-conductors  include  various  species  of  carriers  (electrons,  holes,  impurities,  etc)  and 
present  generation  and  recombination  phenomena.  In  order  to  describe  these  effects,  we  shall 
decompose  the  total  charge  density  and  the  total  current  as  follows : 

where  each  upperscript  a  denotes  one  of  the  various  species  of  carriers.  Similarly  to  the  mass 
conservation  (d/dt  /jj  p  dv=0)  that  leads  to  equation  (8)2  but  accounting  for  possible 
recombination  and  generation  processes,  one  may  postulate  the  following  equation  for 
charge  carriers : 
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with 


a  a  “  5  Qr 

where  y°  and  0°^^  are  source  terms  and  the  concentration  defined  per  unit  mass.  The  local 
expressions  referred  to  Kt  and  Kr  take  on  the  following  forms : 

p  cj  +  V.  =  py®  ,  p^  Cj  +  V^.T®  =  p^  y“  (12) 

where  V  and  Vr  denote  gradients  with  respect  to  Kt  and  Kr  and  where  we  have  set 

c“(x,0  =  Cj{X,0 

and 

(Xi)  =  ^  -  q°  V.  ,14) 

The  latter  current  is  an  objective  or  observer  independent  field  since  only  a  relative 
velocity  is  included  in  its  expression.  This  is  precisely  the  current  to  which  one  ultimately 
needs  to  construct  a  constitutive  relation  through  thermodynamical  arguments. 


3.  Thermoelectromechanical  equations 

The  themoelectromechanical  balance  laws  of  an  electromagnetic  continuum  may  be 
deduced  in  an  elegant  manner  form  three  pneral  principles  written  in  global  form  for  the 
material  volume  Dt.  These  are  the  principle  of  virtual  power  and  the  first  and  second 
principles  of  thermodynamics.  This  procedure  has  proven  to  be  efficient  in  the  construction  of 
involved  models  of  electromagnetic  continue  such  as  simple  dielectrics,  conductors  and 
semiconductors  [4,  5,  6]  or  ferroelectric  and  ferromagnetic  dielectrics  [3]  etc.  Following  this 
now  well  established  method  that  we  do  not  reproduce  here  for  lack  of  space,  we  deduce  the 
coupled  electromechanical  balance  laws  and  the  thermodynamical  equations  which 
complement  Maxwell  equations  (not  explicited  here)  and  apply  to  deformable  ferroelectric 
semiconductors  as  follows : 


a)  Generalized  mechanical  continuum  equations 


h)  Ferroelectric  continuum  equations 

^  0 

c)  Clausius-Duhem  inequality  in  Kf  and  Kr 


■p  jp 


p  +  rid  p®  c?  I  + 


with 

and 


-Po  (w  +  ne-^  4 

^KL^KL'^^  P(,  G  a  0 


(15) 


(16) 


(17) 


(18) 


(19) 


The  elaboration  of  a  set  of  thermodynamically  admissible  constitutive  equations  is  entirely 
based  on  the  exploitation  of  this  last  inequality.  The  nonsymmetric  Cauchy  stress  tensor  tij 
which  couples  the  two  continua  is  defined  by 


int 

ly] 


(20) 


where  the  On  is  the  S3mimetric  tensor  of  elasticity  and  is  the  skew  symmetric  part  of  the 

"interaction'  stress  tensor  given  by 


.int 

y 


=  p  n. 


n. 


=  .P. 

i 


(21) 


The  parameters  TZi,  d,  fj  and  fiem  account  for  polarization  per  unit  mass,  polarization  inertia, 
mechanical  body  forces  and  the  electromagnetic  one  that  generalizes  the  well-know  Lorentz 
force.  As  to  the  parameters  ip,  q,  0  and  <I>,  they  denote  respectively  the  free  energy  density, 
the  entropy,  the  temperature,  and  the  heat  flux.  The  scalar  p(i)  in  equ.  (17)  indicates  the 
power  of  internal  generalized  electromechanical  forces.  Although  its  expression  is  not  given 
in  Kt,  it  appears  in  Kr  through  the  expression  (19).  Finally,  let  us  give  the  relations  that  link 
the  fields  defined  in  Kr  and  Kt,  where  the  distinction  is  essential  in  a  nonlinear  continuum 
framework  while  it  vanishes  in  a  linear  frame. 


^KL  -  2  [  ^i,K  ^i,L  -^KL)  -  ^LK 


^KL  ~  ^K,i  ^j,L  ^K-  ^i,K  -  ^,K 


and  also  the  fields 


^'^KL  -  ^^K,i  ^LJ  -  ^'^iK  ^L,i  ^i,K 


~  ^  ^i,K  ^LJ  -  ^i,L 


aeff  ^  aeff 

^  K  G  i  ^i,K 


(22) 

(23) 

(24) 

(25) 

(26) 


The  field  ^^eff  given  through  eq.  (18)  is  an  effective  electromotive  intensity.  It  includes,  in 
addition  to  the  Maxwellian  (by  opposition  to  the  local  field  LEj  due  to  the  interaction  between 
the  deformable  and  ferroelectric  continua)  electric  field  defined  in  Kt,the  spatial  non 
uniformities  in  the  chemical  potential  of  a  species  pci.  This  feature  characterizes  the  state  of 
semiconduction  as  opposed  to  simply  conductive  or  dielectric  media  where  diffusion  processes 
are  not  taken  into  account.  The  fact  that  the  concentration  of  carriers  c\  appears  only  in  the 
Clausius-Duhem  inequality  and  it  satisfies,  simultaneously,  an  equation  eq.  (12)  -  which 
may  be  considered  as  a  particular  form  of  a  time  evolution  equation,  shows  that  c\  may  be 
called  "internal"  or  "hidden"  variable  insofar  as  the  mechanical  description  of  the  medium  is 
concerned.  Indeed,  by  its  very  nature,  such  a  notion  is  introduced  to  account  for  an  internal 
structure  hidden  to  external  observers,  so  that  it  does  not  modify,  neither  the  conservation 
laws  of  continuum  physics,  nor  the  general  form  of  the  principles  of  thermodynamics. 

Comments  and  comparison  with  previous  works 


Equation  (15)  is  a  generalization  of  the  usual  Euler-Cauchy  equation  of  motion.  Equation 
(16)  is  the  bulk  relation  governing  the  polarization  density  in  a  ferroelectric  material.  The 
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parameter  ^Eij  accounts  for  spatial  nonuniformities  in  the  polarization  field,  and  therefore 
for  the  local  orientational  deviation  from  the  ordering  prevalent  in  ferroelectrics  which  are 
in  an  ordered  phase  below  the  curie  ferroelectric  phase-transition  temperature  0c.  The  above 
obtained  local  thermoelectromechanical  equations  reduce  to  those  of  simpler  theories  when 
some  effects  are  not  taken  into  account.  Thus  (i)  in  the  case  of  a  dielectric  medium  (  ST  °  =  0, 
q°f  =  pc°A  =  0)  the  present  equations  reduce  to  those  obtained  in  Ref.  [3],  dealing  with 
ferroelectric  dielectrics  ;  (ii)  in  the  case  of  a  nonlinear  elastic  semiconductor  where  both 
polarization  inertia  and  gradients  are  neglected,  the  above  mentioned  equations  are 
comparable  to  Ref.  [4,  5]  (iii)  in  the  absence  of  electromagnetic  ordering  and  chemical 
potentials,  the  theory  describes  then  simple  electromagnetic  media  given  by  the  theory  of 
nonlinear  elastic  dielectrics  derived  by  Toupin  in  the  early  sixties.  Finally,  let  us  note  that  if 
one  neglects  deformation  but  keeps  polarization  and  electronic  diffusion  properties,  then  the 
present  approach  coincides  with  the  one  given  in  Ref  [1]  concerning  rigid  ferroelectric 
semiconductors. 

Conclusion 

To  sum  up,  let  us  recall  that  the  basic  laws  that  govern  deformable  ferroelectric 
semiconductors  have  been  derived  in  a  coupled  nonlinear  framework.  In  order  to  obtain  the 
differential  equations  needed  for  the  study  of  practical  and  experimental  aspects  such  as 
wave  propagation  problems  (wave  modes  of  acoustical  or  optical  types  known  as  polaritons, 
couplings  between  polaritons  and  acoustic  modes,  induction  waves  as  well  as  electrical 
instability,  etc.)  one  needs  to  add  Maxwell  equations  and  develop  nonlinear  constitutive 
relations.  Both  features,  that  we  do  not  reproduce  here,  follow  a  now  well  established 
procedure.  Here,  the  attention  has  been  focussed  on  the  elements  that  cannot  be  easily 
derived  by  the  classical  methods  such  as  the  vectorial  newtonian  or  saclar  lagrangian 
approaches.  More  details  on  the  subject  matter  may  be  found  in  Ref  [1]  for  rigid  ferroelectric 
semiconductors,  in  Ref  [3]  for  deformable  ferroelectric  dielectrics  and  in  Ref  [4,  5,  6]  for 
deformable  semiconductors  in  the  absence  of  ferroelectric  properties. 
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Ultra  Electronics  :  Overview  of  ARPA’s  Nanoelectronics  Program 
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The  goals  of  the  Ultra  Dense,  Ultra  Fast  Computing  Components  or  Nanoelectronics 
Program  are  to  explore  and  develop  material,  processing  technologies,  quantum  and 
conventional  devices  and  device  architectures  for  a  next  generation  of  information 
processing  systems.  The  Ultra  program  seeks  improved  speed,  density,  and  functionality 
beyond  that  achieved  by  scaling  transistors.  These  improvements  should  manifest 
themselves  in  systems  operating  10  to  100  times  faster  than  current  systems,  and  denser  by  a 
factor  of  five  to  100. 

Phase  I  of  the  Ultra  Electronics  program  explores,  assesses,  and  benchmarks  alternative 
electronic  approaches  to  embedded  and  stand  alone  computing  architectures.  The  program 
has  demonstrated  methods  for  applying  novel  quantum  well  electronic  devices  to  improve 
densities  of  integrated  electronic  devices,  developed  methods  of  improving  the  control  of 
epitaxial  deposition  to  realize  these  devices.  Other  achievements  include  developing 
nanoprobes  to  study  nanometer  material  structures  and  devices  with  picosecond  time 
resolution. 

Phase  II  of  the  program  develops  further  the  most  promising  approaches  that  were 
identified  in  Phase  I.  Efforts  in  nanoelectronics  includes  the  design,  fabrication,  and  testing 
of  electronic  devices  with  critical  feature  sizes  below  0. 1  microns.  Combining  conventional 
transistors  with  nanoelectronic  devices  will  greatly  reduce  the  complexity  and  size  of 
sophisticated  DoD  circuits.  This  approach,  when  applied  to  silicon-based  nanoelectronics, 
will  allow  nanoelectronics  to  leverage  all  the  continuing  improvements  of  conventional 
electronic  devices,  while  providing  the  density  improvements  of  nanoelectronics. 

Main  thrusts  include  developing  silicon  based  nanoelectronics,  chemical  self-assembly 
techniques  for  nanoelectronics  and  improved  semiconductor  processing,  and  molecular  beam 
epitaxy  (MBE)  in  situ  process  control  and  other  fabrication  techniques  for  nanoelectronics. 
Silicon-germanium-carbon  (SiGeC)  -based  devices  are  being  developed  to  enable  scaled 
silicon  nanoelectronic.  Another  program  focus  is  to  develop  high  speed  supercomputer 
visualization.  This  effort  involves  innovative  approaches  to  software  and  hardware  for 
coupling  experimental  data  or  methods  of  nanostructure  analysis  to  graphic  representations 
of  physical  or  electronic  properties.  The  program  focuses  also  on  nanolithography  that 
targets  patterning  with  critical  dimensions  below  50  nanometers. 
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As  device  dimensions  approach  the  submicron  regime  quantum 
tunneling  mechanisms  become  extremely  important.  In  some  instances  they 
limit  conventional  device  performance.  However,  in  many  other  instances 
they  can  be  utilized  to  enhance  the  frequency/speed  performance,  decrease 
power  requirements  and  result  in  novel  devices.  The  basic  properties  of 
tunneling  mechanisms  and  potential  applications  in  devices  and  circuits  will 
be  discussed  and  recent  results  will  be  presented. 
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We  have  performed  extensive  studies  on  antenna-coupled  semiconductor  quantum- 
effect  devices  under  irradiation  at  far-infrared  (or  THz)  frequencies.  The  motivation  of  this 
investigation  is  two  fold.  First,  studying  the  response  of  quantum-effect  devices  (or 
artificial  atoms)  to  radiation  at  frequencies  comparable  to  the  intersubband  spacings  (the 
subbMds  are  formed  by  lateral  confinements)  is  analogous  to  optical  spectroscopy  in 
atomic  physics.  Therefore,  iiew  information  can  be  revealed  that  dc  transport  measurement 
alone  may  not  Second,  the  intrinsically  lower  capacitance  (and  therefore  the  time  constant 
RC)  of  late^ly  confined  quantum-effect  devices  should  make  them  competitive  candidates 
for  applications  at  and  above  one  THz,  where  currendy  no  photonic  devices  are  available. 

We  first  investigated  the  simplest  quantum-effect  device,  quantum  point  contact 
(QPC).)’2  The  electron  transport  from  the  source  to  drain  can  be  modeled  by  an  one¬ 
dimensional  quantuin  mechanical  system  with  a  barrier  at  the  narrowest  constriction. 
Under  a  far-infrared  irradiation  whose  photon  energy  is  sufficient  to  raise  the  electron 
energy  over  the  barrier,  a  radiation-induced  drain/source  current  could  be  produced.  This 
process  is  called  photon-assisted  quantum  transport  (PAQT),3  and  it  is  directly  analogous 
to  the  photoemission  phenomenon  in  metals.  Following  the  spirit  of  Tien-Gordon's  theory 
of  photon-assisted  tunneling,  we  have  developed  a  theory  to  quantify  the  PAQT  process.'* 
In  essence,  photon  absorption  (or  emission)  can  be  characterized  by  a  new  electron  density 
of  states,  which  is  a  superposition  of  the  original  density  of  states  with  the  energy  shifted 

by  nfico  and  weighted  by  a  probability  factor  Jn2(a),  where  oc  is  a  dimensionless  number 
that  is  proportional  to  the  radiation  field  strength.  Consequently,  the  curve  of  the 
drain/source  conductance  Gds  vs.  the  gate  voltage  Vqs  will  be  a  superposition  of  the 

original  GdS'Vqs  weighted  by  Jn2(a)  and  shifted  by  nfio)/eT|,  where  q  is  a  dimensionless 
geometric  factor  that  relates  the  gate  voltage  to  the  energy  of  the  subbands.  Thus,  photon- 
induced  substeps  should  appear  on  top  of  well-quantized  conductance  steps  if  the  photon 
energy  is  much  greater  than  thermal  broadening  kT. 

Motivated  by  this  idea,  we  have  investigated  response  of  antenna-coupled  QPCs  to 
coherent  radiation  in  the  frequency  range  from  100  GHz  to  2.5  THz.5  The  purpose  of  the 
integrated  planar  antennas  is  to  couple  far-infrared  radiation  (with  wavelengths  on  the  order 
of  one  millimeter)  to  individual  QPCs  of  submicron  dimensions.  Figure  1  (a)  and  (b)  show 
SEM  pictures  of  a  QPC  coupled  to  a  log-periodic  antenna.  Dc  transport  measurement  on 
this  device  yielded  fifteen  visible  conductance  steps  at  1.6  K,  as  shown  by  the  staircase 
curve  in  Fig.  1(c).  These  sharply  defined  step  structures  indicate  that  the  drain/source 
transport  is  mostly  ballistic.  Under  coherent  irradiation  at  285  GHz,  a  pronounced  photon- 
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induced  current  was  observed  which  is  shown  as  the  oscillatory  curve  in  Fig.  1(c).  The 
radiation-induced  current  is  positive  below  the  threshold  of  a  conductance  step,  and 
negative  above  the  threshold.  This  feature  qualitatively  agrees  with  the  theoretical  prediction 

of  PAQT.  However,  no  photon-induced  substeps  were  observed.  At  285  GHz,  fio)  =  1.2 
meV,  which  is  approximately  1/3- 1/2  of  the  spacing  between  adjacent  subbands.  Thus, 
photon-induced  substeps,  if  exist,  should  be  quite  visible. 


Figure  1.  (a)  SEM  (with  a  magnification  of  400)  of  a  QPC  with  a  log-periodic  antenna,  (b)  Central 

region  of  the  QPC.  (c)  Radiation-induced  current  in  a  gate  voltage  region  where  the  conductance  steps 
(measured  without  radiation)  are  well  defined. 

The  most  likely  cause  of  the  observed  radiation-induced  current  is  heating  of  the 
electron  gas  by  the  far-infrared  radiation.  Due  to  the  gapless  nature  of  excitations  in  two- 
dimensional  electron  gas  (2DEG),  radiation  heating  will  always  be  present  This  is  in  great 
contrast  to  superconducting  tunnel  junctions,  in  which  the  energy  gap  prevents  energy 
absorption  everywhere  except  across  the  junctions.  Our  further  investigation  of  thermd 
current  (which  is  the  difference  of  drain/source  currents  measured  at  3.7  K  and  1.6  K) 
yielded  very  similar  features  as  those  of  the  radiation-induced  currents.^  The  assumption  of 
the  heating  effect  is  further  supported  by  our  recently  observed  radiation-induced 
photovoltaic  effect  in  the  QPC  devices.^  Figure  2  shows  a  set  of  drain/source  current  of  an 
irradiated  QPC  with  zero  external  bias  voltage.  This  radiation-induced  current  tracks  the 
subband  structures  in  a  regular  manner  that  it  resembles  the  transconductance  dlos/d^GS  of 
the  device.  We  have  identified  this  photovoltaic  effect  as  a  result  of  thermopower  generated 
by  asymmetric  heating  of  the  drain  and  source.  By  shifting  the  focal  spot  of  the  far-infrared 
beam,  we  can  reverse  the  asymmetry  of  this  radiation  heating,  and  thus  reverse  the  polarity 
of  the  radiation-induced  current,  as  shown  in  Figure  2. 

Although  our  investigation  on  QPCs  has  yielded  interesting  bolometric  response 
which  may  lead  to  device  applications,  a  fundamental  question  remains  why  the  photon- 
assisted  quantum  transport  (which  is  analogous  to  so  many  well-established  phenomena, 
such  as  photoemission  in  metals)  has  not  been  observed  in  QPC  devices.  In  order  to 
understand  the  conditions  necessary  for  photon-excited  processes  to  be  achieved,  we  have 
carried  out  a  simulation  study  by  numerically  solving  time-dependent  Schrodinger 
equation.^  Our  main  finding  is  that  the  selection  rule,  which  is  the  mathematical  statement 
of  the  momentum  conservation  of  the  electron/photon  systems,  determines  whether  the 
electron  transport  (under  irradiation)  is  adiabatic  or  photon-excited.  Mathematically,  in 
order  to  achieve  an  appreciable  photon-excited  transition  probability,  the  dipole-moment 
integration  must  be  truncated  to  a  region  that  is  not  much  greater  than  the  coherence 
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Figure  2.  Far-infrared  radiation-induced  currents  with  zero  externally  applied  drain/source  bias 

voltage  taken  at  different  power  levels.  Positive  currents  correspond  to  beaming  towards  the  source  region 
while  negative  currents  correspond  to  beaming  towards  the  drain  region. 

length  1/Ak,  where  Ak  is  equal  to  the  momentum  difference  between  the  electrons  before 
and  after  photon  absorption/emission.  This  truncation  can  be  achieved  experimentally  by 
either  a  localized  electron  state  or  a  localized  photon-field  profile.  Physically,  this  spatial 
localization  of  the  electron  or  photon  field  provides  the  momentum  spread  that  is 
necessary  for  the  momentum  conservation  in  the  photon  excitation  process.  Figure  3(a) 
shows  a  wave  function  (in  k-space)  in  the  presence  of  an  ac  field.  The  main  peak  at  k  = 
0  corresponds  to  the  wave  function  in  a  free  space  without  radiation.  The  satellite  peaks 
on  the  right  correspond  to  photon  absorptions,  and  the  ones  on  the  left  correspond  to 
photon  emissions.  Fig.  3(b)  shows  the  amplitudes  of  these  peaks  as  functions  of  the  ac- 
field  spatial  width.  Clearly,  photon-excitation  process  decreases  exponentially  as  the  ac- 
field  spatial  confinement  loosens. 


Figure  3.  (a)  Square  of  a  wave  function  of  free  electrons  (in  k-space)  under  the  irradiation  of  an  ac 

field.  The  satellite  peaks  correspond  to  photon  absorption  (on  the  right  of  the  main  peak)  and  emission  (on 
the  left),  (b)  Amplitudes  of  photon-excited  states  as  functions  of  the  width  of  the  ac  field. 
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Our  simulation  study  indicates  that  the  selection  rule  requires  a  spatially  confined 
ac  field  if  the  photon-excited  transition  is  between  two  extended  electronic  states,  such  as 
the  case  for  quantum-point-contact  devices.  This  can  be  achieved  by  bringing  the  anteima 
terminals  very  close  to  the  central  region.  Photon  excitation  can  also  be  achieved  by  using 
double-  or  multiple-barrier  structures  to  create  quasibound  electronic  states.  The  spatially 
localized  nature  of  these  quasibound  states  provide  the  momentum  transfer  for  the  photon- 
assisted  process.  Following  this  understanding,  we  have  designed  and  fabricated  antenna- 
coupled  dual-gate  devices.^  An  SEM  picture  of  one  of  these  devices  is  shown  in  Fig.  4, 
along  with  a  side  view  of  the  device,  a  self-consistently  calculated  dc  potential  profile  in  the 

drain/source  direction,  and  the  transmission  coefficient  T(e)  through  such  a  structure.  The 
peaks  in  the  transmission  coefficient  correspond  to  the  energy  levels  of  the  quasibound 
states,  while  the  peak  width  correspond  to  Aeir  lifetimes.  In  Ae  presence  of  an  ac  field, 

photon-assisted  transport  can  be  modeled  by  an  effective  transmission  coefficient  T(o(£), 

whose  main  peaks  correspond  to  the  original  T(£)  and  the  sidebands  correspond  to  photon 
absorption  or  emission,  as  shown  in  Fig.  5(a).  Photon-induced  current  can  be  calculated  in 

this  model  by  taking  the  difference  between  the  current  calculated  using  T(o(e)  and  T(e). 
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Figure  4.  (a)  Side  view  of  a  dual-gate  device,  (b)  SEM  picture  of  the  device,  (c)  Self-consistently 

calculated  dc  potential  profile  for  the  device,  (d)  Transmission  coefficient  as  a  function  of  the  energy. 

Fig.  5(b)  and  (c)  show  the  measured  radiation-induced  current  as  functions  of  the 
drain/source  bias  voltage  V^s  (curves  labeled  by  (i)).  The  two  sets  of  curves  are  taken  with 
radiation  frequencies  at  90  GHz  (in  (b))  and  270  GHz  (in  (c)).  The  radiation  power  level  at 
both  frequencies  is  approximately  the  same.  It  is  clear  that  the  two  sets  of  curves  exhibit 
distinctively  different  features  at  the  two  radiation  frequencies.  The  ones  at  90  GHz  show 
much  sharper  modulations  of  the  radiation-induced  current,  while  the  ones  at  270  GHz 
have  much  smoother  features,  which  is  due  to  the  overlap  of  photon  subbands  at  this  high 
frequency,  as  illustrated  in  Fig.  5(a).  This  frequency-dependent  feature  is  the  strongest 
evidence  that  the  radiation-induced  current  is  a  photonic  effect  that  depends  on  the  energy 
of  an  individual  photon.  The  curves  labeled  (ii)  in  Fig.  5(b)  and  (c)  are  calculated 
photocurrent  based  on  the  model  of  photon-assisted  transport  They  agree  with  the 
experimental  results  quite  well.  In  comparison,  the  calculated  radiation-induced  current 
based  on  a  bolometric  model  (labeled  (iv)  is  frequency  independent  and  caimot  explain  the 
experimental  results  taken  at  270  GHz. 

In  eonclusion,  our  work  indicates  that  heating  will  always  accompany  any  possible 
photonic  effects  in  semiconductor  quantum-effect  devices.  In  order  to  enhance  the  coherent 
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photon-excited  process  relative  to  the  incoherent  heating  process,  careful  design  must  be 
taken  to  assure  that  the  selection  rule  to  be  satisfied.  Our  measurement  on  dual-gate  devices 


T„(e) 


Figure  5.  (a)  Effective  transmission  coefficient  that  includes  the  effect  of  photon  absoq)tions  and 

emissions,  (b)  and  (c)  Curves  (i):  measured  radiation-induced  current  at  90  GHz  (b)  and  270  GHz  (c).  Curves 
(ii):  calculated  radiation-induced  current  based  on  the  model  of  photon-assisted  transport.  Curve  (iv): 
calculated  ladiatimi-induced  current  based  on  heating  model. 

has  yielded  strong  evidence  of  photonic  effect  that  depends  on  the  energy  of  individual 
photons.  Further  investigations  by  using  broadband  spectroscopies  and  tighter  photon-field 
confinements  should  provide  further  evidence  to  test  the  theory.  This  work  was  supported 
in  part  by  the  MRSEC  program  of  the  National  Science  Foundation  under  award  number 
DMR-9400334,  and  by  MIT  Lincoln  Laboratory  under  grant  number  BX-5464. 
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Abstract 

Low  frequency  noise  in  a  novel  2-Dimensional  Metal-Semiconductor 
Field  Effect  Transistor  (2D-MESFET)  has  been  investigated  for  the  first  time. 
It  has  been  shown  that  the  noise  level  S  is  rather  small.  At  room  temperature 
the  value  of  Hooge  constant  a  was  about  2-10~5  for  frequency  f  =  20  Hz.  The 
frequency  dependence  of  the  relative  spectral  density  of  current  fluctuations 
Si/l2  at  300K  was  close  to  S  ~  1/f  in  the  frequency  range  20  Hz  -  20  kHz. 
Two  local  maxima  have  been  observed  on  the  temperature  dependence  of  S  in 
the  temperature  ranges  100  -  180  K  and  200  -  300  K. 


I.  Introduction 

Recently  a  novel  2-Dimensional  Metal-Semiconductor  Field  Effect 
Transistor  (2-D  MESFET)  on  the  base  of  modulation-doped  AlGaAs/InGaAs 
heterostructure  has  been  described  [1].  It  has  been  shown  that  the  narrow 
channel  effect,  which  is  a  serious  limitation  to  the  minimum  power 
consumption  in  conventional  FETs,  is  practically  eliminated  in  this  device. 
Therefore  this  device  may  become  a  promising  base  element  of  low  power  high 
frequency  electronics.  The  level  of  low  frequency  noise  is  one  of  the  important 
parameters  for  microwave  devices.  This  frequently  determines  the  usefulness  of 
such  devices  in  communication  systems.  The  investigation  of  the  low  frequency 
noise  also  allows  one  to  judge  the  degree  of  structural  perfection  of  a  material, 
quality  of  ohmic  contacts,  density  of  surface  states  etc.  [2] 

II.  Results  and  Discussion 

AlGaAs/InGaAs  2D-MESFETs  studied  here  were  similar  to  those 
described  in  [1].  For  sanq)les  under  investigation  saturation  current  value  IsO 
was  about  150  -  160  pA  at  Vgs=0,  and  the  threshold  voltage  Vj  was  -  0.8  V. 
The  value  of  ng  in  the  InGaAs  channel  was  2- 10 12  cm"2  and  the  Hall  electron 
mobility  was  6000  cm^/V-s  at  300  K.  The  gate  length  L  was  nominally  1pm. 
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The  resistance  in  the  linear  (ohmic)  region  was  equal  to  Ro  «  3.5  kQ  at 
=  0  and  R-O.6  ®  kQ  at  Vgg  =  -0.6  V. 

In  Fig.l  the  frequency  dependence  of  relative  spectral  density  of  current 
fluctuations  Sj/I^  at  300  K  is  shown  for  two  different  drain-to-source  voltages 
Vds  =  0.23  V  and  Vds  =  0.8  V  at  Vgs  =  0  V  (curves  1  and  3)  and  for  two 
different  gate-to-source  voltages  Vgs  =  0  V  and  Vgs  =  -0.6  V  at  V(js  =  0.23  V 
(curves  1  and  2).  It  is  seen  that  for  all  three  curves  the  dependence  is  very  close 
to  S  ~  1/f  ®  This  type  of  dependence  is  not  necessarily  unique  among 
semiconductor  devices  (S  ~  1/f  0-5  and  even  S  ~  1/f  0-3  have  been  observed), 
but  as  far  as  we  know,  it  has  never  been  reported  from  modulation  doped 
structures  or  highly-doped  GaAs  or  GaAlAs  stmctures.  For  such  kind  of 
structures  the  S  ~  1/f  (flicker  noise)  or  even  S  ~  1/f  type  dependences  are 
typical  [3,  4].  It  is  also  seen  from  Fig.l  that  the  level  of  the  low  frequency  noise 
is  quite  small.  Estimating  the  total  number  of  electrons  in  the  channel  to  be 
N~1000  at  Vgs  =  0  V  it  is  easy  to  show  that  Hooge  constant  a  =  f-N-Sj/I^  is 
equal  to  2*10^  for  f  =  20  Hz.  According  to  the  criteria  established  for  Si  and 
GaAs  such  a  low  value  of  a  indicates  a  high  degree  of  structural  perfection  of 
the  channel  material  comparable  to  the  best  epitaxial  GaAs  channels  in  FETs 
[5].  When  the  negative  value  of  Vgs  increases,  the  noise  value  increases  as  well 
(compare  curves  1  and  2).  Estimates  show  that  the  noise  level  increases  at 
somewhat  faster  rate  than  can  be  e?qplained  by  the  decrease  of  the  total  number 
of  electrons  in  the  channel  alone.  This  is  due  to  the  contribution  of  the  gate 
leakage  current  [6]. 

In  Fig.  2  dashed  line  shows  1^  -  Vjs  characteristic  of  the  2-D  MESFET 
(at  Vgs  =  0  V)  below  the  current  saturation.  Solid  lines  show  Sj/I^  vs  V^s  for 
different  frequencies  of  analysis.  It  is  seen  that  for  frequencies  in  the  range 
20  ELz  -  20  kHz  the  characteristics  are  similar  in  form.  The  increase  of  the 
noise  level  with  the  increase  of  V^js  results  from  the  decrease  of  the  number  of 
carriers  in  the  chaimel  and  the  change  of  channel  shape  as  the  saturation  is 
approached..  The  form  of  Sj/I^  vs  V^s  characteristics  agrees  quite  well  with 
theory  [7]  which  is  based  on  the  gradual  charmel  model  for  FETs. 

Measurements  in  low  temperature  region  show  clearly  two  local 
temperature  maxima  (Fig.  3).  It  is  seen  that  the  room  temperature  (T=300K) 
corresponds  to  the  hi^  temperature  edge  of  the  second  maximum,  especially 
for  the  frequencies  f  >  160  Hz.  This  fact  provides  a  natural  ejq)lanation  for 
small  value  of  y=0.6  (S  ~  1/f  at  300  K  -  see  Fig.l). 

The  mechanism  for  the  localization  of  local  levels  which  is  responsible 
for  the  observed  maxima  in  the  Sj/I^  vs  temperature  characteristics,  is  very 
complicated  for  conventional  FETs.  It  is  even  more  complicated  for 
modulation  doped  structures  due  to  the  additional  interfaces.  It  is  worthwhile 
to  note  that  analyzing  the  observed  low  temperature  maximum  according  to  the 
technique  proposed  in  paper  [8]  shows  two  temperature  ejqponents  (Fig.4).  In 
the  scope  of  standard  theory  for  nondegenerate  semiconductors  [8]  this  level 
should  be  characterized  by  the  position  in  the  forbidden  gap  Eq-Eo  =  0.04  eV 
and  the  e)q)onential  dependence  of  the  capture  cross  section 
oii=o0'®^(”Ei/kT)  where  Ei=0.08  eV.  It  is  necessary  to  perform  further 
analysis  to  establish  definite  local  levels  for  this  device. 
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Ill  Conclusion 


The  low  frequency  noise  in  a  novel  2D-MESFET  has  been  investigated 
experimentally  for  the  first  time  in  the  temperature  range  100  -  300  K  and 
frequency  range  20  Hz  -  20  kHz.  The  low  frequency  noise  in  this  device  was 
small.  Two  local  maxima  observed  in  the  temperature  range  100  -  180  K  and 
200  -  300  K  are  the  main  contributors  to  this  noise. 
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Frequency,  Hz 

Fig.l  Frequency  dependences  of  current  relative 
spectral  density  fluctuations  Sj/I“  at  300  K. 


1  -  V^=0,  V^=0.23  V; 

2  .  v>-0.6  V,  V^=0.23  V; 

3  -  V^=0,  V^=0.8  V; 


Drain  Voltage,  V 

Fig.  2.  Dependences  of  Sj/I^  for 

different  frequencies  of  analysis.  T=300K. 
Dashed  line  shows  characteristic 

forV^=0. 

Frequencies,  Hz  ;  1  -  20;  2  -  80;  3  -  320: 

4  -  1300;  5  -  5000;  6  -  20000. 


Temperature,  K 

Fig.  3.  Temperature  dependences  of  Sj  /!“ 

for  different  frequencies  of  analysis. 

Vgg=0;  V^O.l  V  (linear  region). 

Frequencies,  Hz:  1  -  20;  2  -  40;  3  -  80;  4  - 
5  -  320;  6  -  640;  7  -  1300;  8  -  2500;  9  -  50i 
10  -  10000;  11  -  20000. 


Fig.  4.  Dependence  of  lA’fjnax  ^=(0 
(curve  1)  and  vs  Log(f)  (curve  2) 
for  the  low-temperature  maxima  of  Fig.  3, 
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TRANSPORT  OF  MANY  ELECTRONS  IN  NANOSTRUCTURED  GaAs 
SCHOTTKY  DIODES  AT  300  K  GOVERNED  BY  h/e^ 


H.  P.  ROSER,  E.  BRGNDERMANN,  H.-W.  HOBERS 

DLR,  INSTITUTE  FOR  SPACE  SENSOR  TECHNOLOGY 
RUDOWER  CHAUSSEE  5.  D-12489  BERLIN,  GERMANY 


In  recent  years  there  has  been  great  interest  in  transport  phenomenon  of 
electrons  travelling  through  samples  with  mesoscopic  structure.  This  has  been 
strongly  influenced  by  advances  in  nanostructure  fabrication  technology  for 
semiconductors  with  the  capability  of  engineering  1-,  2-  and  3-dimensional 
mesoscopic  systems.  One  of  the  simplest  electronic  elements  with  mesoscopic 
structure  are  GaAs  Schottky  barrier  diodes  which  have  anode  diameters  down 
to  0.25  pm  with  capacitances  as  low  as  C  >  0.25  fF. 

To  investigate  the  electron  transport  we  used  different  Schottky  diodes  (table  1) 
as  rectifier  and  mixer  in  a  heterodyne  receiver  with  a  laser  as  local  oscillator 
(LO).  Heterodyne  detection  is  a  coherent  process,  so  that  the  sensitivity  is 
extremely  dependent  on  the  electron  transport  behavior  in  the  Schottky 
contact,  where  the  phase  sensitive  mixing  process  takes  place. 

It  has  been  shown  in  several  experiments,  if  a  Schottky  diode  is  driven  by  an 
external  bias  current  source,  it  will  be  especially  sensitive  and  shows  lowest 
noise  for  heterodyne  detection  when  the  optimum  mixing  current  lopt  is 
proportional  to  the  operating  frequency  according  to  lopt  =  (Ne*e)-v  and  the 
coherent  LO  radiation  generates  an  optimum  amplitude  across  the  diode  of 
Vlo  =  (Ne-e)/2C  which  is  independent  of  the  operating  frequency.  As  an 
example  see  figure  1.  The  number  of  electrons,  Ng,  passing  through  the 
Schottky  contact  (figure  2)  each  LO  cycle  is  constant,  can  be  as  low  as  1 ,  300, 
and  has  a  characteristic  value  for  a  particular  type  of  diode  (table  1).  The 
constant  charge  transfered  each  LO  cycle  can  be  considered  as  a  result  of  an 
"active  detection  or  depletion  volume"  of  thickness  Ddepi  which  can  be 
determined  by  two  independent  methods  ranging  from  ~200  A  to  ~300  A. 

The  effect  on  diode  performance  of  cryogenic  cooling  from  300  K  down  to  ~20 
K  was  also  investigated  resulting  in  no  significant  improvement.  This  is  a 
surprising  effect  because  the  current  density  through  the  Schottky  contact  is  as 
high  as  -10®  A/cm^  and  at  the  same  time  the  sensitivity  at  300  K  is  only  a  factor 
30  -  50x  above  the  quantum  noise  limit. 

Further  experiments  show  that  the  resistance  of  one  single  electron  moving 
across  the  active  thickness  is  25,750  ±  600  Q  by  plotting  the  voltage  across 
Ddepi  versus  the  normalized  optimum  current  lopt/Ng  for  all  diodes  (figures  3). 
This  result  is  very  close  to  the  inverse  quantized  conductance  h/e^. 
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Another  interesting  relation  can  be  found  by  plotting  the  square  of  Ddepi 
versus  the  mobility  of  different  diodes  resulting  in  a  proportionality  factor 
of  (2.07  ±  0.13)-10'^^  V-s  which  is  very  close  to  h/2e  (figure  4). 

A  possible  theoretical  explanation  for  these  experimental  results  achieved  at 
room  temperature  and  with  no  external  magnet  field  will  be  given  in  the  paper 
by  Hubers  et  al.  at  this  conference. 


Table  1:  Parameters  of  the  investij^ated  Scliottky  diodes. 


Diode 

J118 

117 

1112 

IT15 

Anode  Diameter 

1.0 

O.S 

0.45 

0.25 

Capacitance  at  Zero  Bias  Cjo 

[fF] 

l.S 

0.9 

0.45 

0.25 

Scries  Resistance  lis 

[H] 

30 

13 

33 

20 

Epitaxial  Layer  Doping 

[10’‘cm-2] 

1.0 

3.0 

4.5 

10 

Fllcctrons  per  Laser  Cycle 

2S00 

4500 

2200 

1300 

Rectified  LO  Signal  \  lo 

[mV] 

70 

160 

260 

3S0 

Mobility  ft 

[emn-'s-'j 

5000 

3600 

3100 

2100 

FIG.  1:  Optimum  current  and  rectified  LO 
signal  X 10  as  a  function  of  frequtjncy. 


DIODE  1112 

WHISKER 


FIG.  2.  The  Schottky  contact  of  the  diode  1112 
with  the  active  depiction  region  including 
edge  effects.  The  dimensions  are  to  scale. 


348 


NORMALIZED  OPTIMUM 


lopj/Nj  InA 


FIG.  3.  Voltage  across  the  active  depletion  thickness  Vo  as  a  function  of  the  normalized  optimum 
current  for  four  diodes.  The  fitted  line  has  a  slope  of  (25750  ±6 00 )n  which  is  close  to  h/e". 


^  5 


^  [IO^CfTl'V^S'^1 

FIG.  4.  The  square  of  the  active  depletion  tliickiiess,  as  a  function  of  the  mobility  fi  of 

the  (lifTerent  diodes  at  room  tenijierature.  Tlie  slope  of  the  fitted  line  is  (2.07  ±  0.13)  x  10“’^  Vs 
close  to  hf{2e). 
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A  Fully  Implanted  Heavy  Ion  0.10  pm  gate  length  NMOS 
transistor  with  Gallium  channel  implantation 
and  Indium  pocket  doping 


F.  BENISTANT  (Ph.D.  Student),  G.GUEGAN,  M.  LERME 
S.TEDESCO,  F.MARTIN,  M.HEITZMANN 
LETI  (CEA)  17,  rue  des  Martyrs  38054  Grenoble  Cedex  9  France 
Phone  :  (33)  76  88  97  95  -  Fax  :  (33)  76  88  94  57  -  email :  benistan@dmel.ceng.cea.fr 


Introduction  : 

This  paper  demonstrates,  for  the  first  time,  the  feasibility  of  fabricating  0.10  pm 
NMOSFET  using  heavy  ion  implantations  to  suppress  short  channel  effect  (SCE).  In  this 
work.  Gallium  and  Indium  ions  are  used  respectively  for  channel  and  pocket  implantation. 

As  the  MOS  device  gate  length  is  reduced,  the  supply  voltage  Vdd,  is  decreased  and 
the  channel  doping  is  increased  to  suppress  SCE.  At  the  same  time,  the  threshold  voltage,  Vt, 
should  be  approximatively  maintained  at  Vdd/4  [1].  Therefore,  the  scaling  laws  [2]  lead’to  a 
contradiction.  The  use  of  pocket  implantation  is  an  efficient  way  to  reduce  channel  doping 
without  increasing  SCE.  However,  as  Boron  is  a  light  impurity  the  containment  of  the  pockets 
is  difficult  under  the  extensions  without  increasing  both  junction  capacitances  and  channel 
doping.  Therefore  heavy  ions  are  good  candidates  for  this  purpose  [3].  Moreover,  the  strong 
need  to  obtain  symmetrical  NMOS  and  PMOS  devices  in  terms  of  Vt  leads  to  the  use  of  heavy 
ions  to  obtain  a  retrograde  profile  in  the  channel.  Fibres  1  and  2  show  the  acceptor  and  donor 
pairs  necessary  to  obtain  identical  channel  profiles  in  NMOS  and  PMOS  devices  respectively. 
Arsenic  and  Antimony  for  PMOS  and  Indium  for  NMOS  have  already  been  published  [4,5], 
however  no  work  on  Gallium  is  known  to  the  authors. 

Device  fabrication: 

In  this  paper,  0.10  ^im  NMOS  devices  have  been  fabricated,  for  the  first  time,  with 
Gallium  implanted  channel,  and  either  Indium  or  Gallium  pocket  doping.  As  already 
mentioned,  the  use  of  Gallium  in  the  NMOSFET  channel  gives  the  same  retrograde  profile  as 
Arsenic  in  the  PMOSFET  channel,  for  the  same  implant  conditions.  Moreover,  Gallium  has  an 
higher  solubility  limit  than  Indium.  On  an  other  hand.  Gallium  is  known  to  have  high 
diffusivity  in  silicon.  However,  as  the  gate  length  is  reduced,  the  thermal  budget  of  the  process 
is  dramatically  decreased,  and  the  diffusivity  becomes  less  important.  Therefore,  no  major 
drawback  exists  to  use  Gallium  in  deep  submicron  MOS  technology.  In  addition,  heavy  ion 
architectures  are  compatible  with  conventional  processing  (Fig.3)  without  increasing  design 

complexity.  For  this  process,  the  gate  stack  consists  of  4.5  nm  gate  oxide  and  150  nm  (xPoly- 
Si  (Fig.4).  Figure  5  shows  the  measured  breakdown  field  (Ebd)  for  MOS  capacitors  with 
Indium  (150keV),  Gallium  (140keV)  or  Boron  (25keV)  implanted  substrate.  Sample  with 
uniform  Boron  doping  (IxlOl^cm’^)  is  given  as  standard.  High  values  of  Ebd  show  that  the 
growth  on  a  heavy  ion  implanted  substrate  does  not  affect  the  gate  oxide  integrity  for  doses 
lower  than  IxlOl^cm"^.  The  gate  level  is  patterned  by  a  hybrid  e-beam  and  DUV  process 
which  fully  integrates  e-beam  lithography  with  optical  process  and  equipment.  After  gate  etch, 
instead  of  gate  reoxidation,  a  thin  4.5  nm  oxide  has  been  deposited  to  suppress  the  Bird's 
Beak  in  the  gate  oxide  comer  (Fig.6).  The  extension  and  pocket  implantations  were  made 
through  this  thin  oxide  layer.  After  formation  of  the  0.10  pm  spacer,  the  deep  S/D  implantation 
was  performed  (Table  1).  The  doping  profiles  were  obtained  by  SIMS  measurements 
(Fig.7,  8).  The  extension  junction  depth  is  0.05  pm  and  the  deep  S/D  one  is  0.10  pm. 
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Results  and  Discussion; 

While  the  device  without  pocket  operates  in  punchthrough  mode,  the  SCE  is 
suppressed  for  Indium  pocket  device  (Fig.9),  due  to  both  retrograde  channel  profile  and 
localised  pockets.  In  addition,  the  roll-up  is  dramatically  reduced  with  this  device,  due  to  both 
no  Indium  diffusion  and  reduced  thermal  budget.  Moreover,  because  of  the  electric  field  in  the 
S/D  depletion  regions,  all  the  Indium  impurities  are  activated  and  no  frozen  carrier  effect 
occurs  in  these  regions.  For  Gallium  pocket  devices,  the  SCE  is  observed  because  the 
implanted  pocket  dose  is  five  times  lower  than  that  Indium  pocket  devices.  However,  the  Vt 
shift,  for  0.10  |im  Gallium  pocket  device  is  less  than  150mV.  The  Indium  pocket  implantation 
clearly  reduces  the  leakage  current  (Fig.  10),  and  leads  to  a  440  mA/mm  saturation  current  at 
1.5V  (Fig.  11)  for  0.10  |im  device.  Saturation  transductance  and  subthreshold  slope  have  also 
been  evaluated  for  the  three  architectures  (Fig.12,13).  The  low  Vt  value  explains  the  leakage 
current  increase  for  short  channel  devices.  Because  the  devices  without  pocket  work  in  DIBL 
and  punch-through  mode,  the  saturation  current  is  higher  for  these  devices.  The  drain  current 
versus  drain  voltage  plots  show  good  saturation  characteristics  for  pocket  devices 
(Fig.  15,  16). 

Conclusion  : 

For  the  first  time  the  feasibility  of  0.10  |im  gate  length  NMOS  device  with  heavy  ion 
channel  and  pocket  implantation  have  been  demonstrated.  The  SCE  have  been  suppressed  for 
0.10  |im  device  with  Gallium  doping  in  the  channel  and  Indium  doping  in  the  pockets.  In 
addition,  the  Gmsat  reaches  325  mS/mm  and  the  saturation  current  is  440  mA/mm  at  1.5V. 
Therefore,  the  use  of  heavy  ion  implantation  is  a  promising  solution  for  optimization  of  deep 
submicron  CMOS 

[1]  :  F.M.Klaassen,  Solid-State  Elec.,  1978,  vol.21,  p.565 

[2]  ;  G.Baccarani  et  al.IEEE  Trans.on  Elec.devices,  1984,  vol.ED31,n°4,  p.452 

[3]  :  Benistant  et  al.,  ESSDERC95 

[4] :  G.G.Shahidi  Symposium  on  VLSI  Techn.  Dig.,  1994,  p.93 

[5]  :  A.Hori  et  al.  lEDM  Techn.Dig.,  1994,  p.485 
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Implantation  Energy  (KeV)  Implantation  Energy  (KeV) 

Fig.l  :  Rp  for  acceptors  and  donors  Fig.2  :  ARp  for  acceptors  and  donors 


*  Well  definition  -  Isolation  (SILO) 

*  Gallium  channel  doping  (140  KeV) 

*  Gate  Oxide  ( 4.5  nm ) 

*  (xPoly  Si  deposition  (in  situ  doped) 

*  Hybrid  lithography  (e-beam/DUV) 

*  Gate  etch  ( Dry  )  -  Thin  oxide  side  wall  (  4.5  nm) 

*  Arsenic  extension  implantation 

*  Pocket  implantation 

*  Spacer  ( 0.10  |im ) 

*  S/D  implantation  -  RTA  950®C  -  15  sec 

*  Metallization 

Fig.3:  Process  steps 


Gate  Oxide 
(4.5  nm ) 

Spacer  Vl- 


Thin  Oxide 
Side  Wall  (4.5  nm) 


_ In  or  Ga  Pockets 

Fig.4:  Cross-sectional  view  of  0.10  pm  NMOSFET 


- Brstandard 

Ga:3xl0^^cm’^ 

- In:7.5xlO‘W^ 

Ga:8xl0’^cm'^ 

- In:1.5xl0‘W^ 

. B;7xlO‘W^ 

8  10  12  14 


Breakdown  Field  (MV/cm) 

Fig.5:Ebd  for  implanted  and  standard  (std)  samples 


Fig.6:  XTEM  view  of  Bird’s  Beak  in  Gate  Oxide 


\J.\J  \J,X  V/.T  V/.*/  \J.\J 

Depth  (pm)  Depth  (pm) 

Fig.7:  SIMS  -  Channel  Profile  Fig.8:  SIMS  -  Extension  and  In  Pocket  Profiles 
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> 

^  0.4 


—  no  Pocket 

—  In  Pockets 

—  Ga  Pockets 

Vds=1.5V 

Vgs=0V 


0  0.2  0.4  0.6  0.8  1 

Gate  Length  (jun) 

Fig.9  :  Vt  (Vds=0.1V)  vs.  gate  length 


0  0.2  0.4  0.6  0.8  ] 

Gate  Length  (pm) 

Fig.  10:  Leakage  Cunent  vs.gate  length 


no  Pocket 


In  Pockets 


Ga  Pockets 


0  0.2  0.4  0.6  0.8  1 

Gate  Length  (jim) 

.11:  Idsat  vs.  gate  length  (Vgs=Vds=l  JV) 


no  Pocket 
i4Ut-  I  __Q — inPockets 

o  ^  J20  ^  — Ga  Pockets 

p  ■£ 


0  0.2  0.4  0.6  0.8  1 

Gate  Length  (pm) 

Fig.  12:  Saturation  Transductance  vs.  gate  length 


19.0  ■  width :  25  |im 
'  no  Pocket 


^Vgs=L^ 


0  0.2  0.4  0.6  0.8  1 

Gate  Length  (pm) 

Fig.  13:  Subthreshold  slope  vs.gate  length 


Drain  Voltage  (V) 

Fig.  14: 1-V  Characteristics  of  0.10  pm  NMOSEET 


1 1.0'  ’  Gate  width  :  25  pm  Vgs^^^L5_V^ 
5'  Indium  Pockets,^^^'^ 


14.0  ^  Gate  width :  25  pm  Vgs  =  1.5  V 
'  Gallium  Pockets 


5  7.0 
b 

3 

u 


0-0  Drain  Voltage  (V)  L5 

Fig.  15:  LV  Characteristics  of  0.10  pm  NMOSFET 


Drain  Voltage  (V)  1-5 

Fig.  16: 1-V  Characteristics  of  0.10  pm  NMOSFET 


Gallium  Pockets 

Ga;80keV-lxl0l3cin-2 

Indium  Pockets 

In:  100keV-5xl0l3cm-2 

S/D  Extension 

As ;  12.5  keV  -  IxlO^^  cni-2 

Deep  S/D 

As :  40  keV  -  1x10^^  cm~^ 

Table  1:  Implantation  conditions  of  Pockets  and  source/drain 
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Ultradense  Hybrid  SET/FET  Dynamic  RAM:  Feasibility  of  Background- 
Charge-Independent  Room-Temperature  Single-Electron  Digital  Circuits 

K.K.  Likharev  and  A.N.  Korotkov 

Department  of  Physics,  State  University  of  New  York  at  Stony  Brook,  NY  11794-3800 

1.  Introduction 

To  our  knowledge,  correlated  single-electron  tunneling  [1,  2]  remains  the  only 
known  realistic  physics  basis  for  future  nanoelectronic  digital  circuits  [3-4].  In  contrast  to 
the  semiconductor  transistors,  operation  of  single-electron  devices  is  based  on  the 
ubiquitous  Coulomb  interaction  of  electrons,  and  as  a  result  these  devices  can  be  in 
principle  scaled  down  to  single-atomic  size  [5],  Nevertheless,  until  recently  digital 
single-electronics  faced  several  serious  problems. 

Firstly,  attempts  to  directly  imitate  CMOS  digital  circuits  by  replacing  FETs  by 
SETs  (Single-Electron  Transistors  [1-4])  would  lead  to  an  unacceptable  power 
dissipation,  -3  kW/cm^  for  room-temperature  devices  with  -lO^l  transisfors  per  cm^  [4, 
6].  This  problem  may  be  circumvented  by  using  one  of  the  Single-Electron  Logics  [4,  7] 
where  digital  bits  are  presented  by  single  electrons  and  static  power  dissipation  is 
negligible.  Secondly,  in  order  to  avoid  thermally-induced  digital  errors,  the  structures 
with  extremely  small  capacitance,  C-QSllkgTIe^,  and  hence  of  extremely  small  size 
should  be  employed  [6].  For  room  temperature  operation,  this  results  in  the  need  of  ~1- 
nm  patterning  of  circuits  with  the  terabit  integration  scale  -  a  technological  level  which  is 
hardly  in  sight  Finally,  the  switching  thresholds  of  digital  single-electronic  devices  are 
very  sensitive  to  charged  impurities  trapped  in  their  non-conducting  environment  [1,  4]. 
For  example,  a  single  charged  impurity  located  near  a  conducting  island  of  the  device, 
may  shift  its  background  charge  Qq  by  SQQ-e,  while  the  switching  thresholds  are  e- 
periodic  functions  of  Qq.  Moreover,  for  nanometer-scale  devices,  a  considerable 
contribution  into  the  threshold  position  may  be  provided  by  energy  quantization  of 
electrons  in  conducting  islands.  In  this  case,  even  small  random  variations  of  the  island 
size  or  shape  may  lead  to  unpredictable  variations  of  the  switching  thresholds,  making 
operation  of  LSI  circuits  impossible. 

The  objective  of  the  present  work  is  to  suggest  the  first  go'i^sensitive  single- 
electronic  devices  which  may  not  only  allow  the  last  problem  to  be  avoided  completely, 
but  also  facilitate  fabrication  of  the  single-electron  circuits  by  softening  size  requirements 
by  a  factor  of  -5  (i.e.  allowing  ~5-nm  minimum  feature  size  for  room-temperature 
operation). 

2.  The  Basic  Concept 

The  basic  idea  of  the  Co'^^^ispcttdent  operation  of  the  capacitively-coupled 
single-electron  transistor  is  demonstrated  in  Fig.  1.  The  "source-drain"  current  7  through 
the  transistor  is  a  e-periodic  function  of  Qi=Qo+^gUiny  with  amplitude  Al-eGIC,  where 
G  and  C  are  the  tunnel  junction  conductance  and  capacitance,  respectively,  while  Cg  is 
the  gate  capacitance.  The  randomness  of  the  background  charge  Qq  makes  the  response 
of  the  device  to  small  signals  AUg  unpredictable.  Let  us  consider,  however,  a  ramp-up  of 
Ug  by  AUg>elCg.  The  transistor  response  will  be  an  oscillation  of  the  current  I  with  the 
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Jull  swing  equal  to  AI,  regardless  of  Qq.  After  amplification  (say,  by  a  FET  sense 
amplifier)  this  response  may  be  rectified  and  serve  as  the  output  signal.  In  order  to 
prevent  its  contamination  by  the  Qo-^ependent  dc  background,  a  high-pass  filter  (say, 
just  a  blocking  capacitor  Q,)  may  be  used  between  the  SET  and  FET  stages  (Fig.  la). 


Ml, 


M,uf 


(a) 


tunnel  junction 


small  conducting  island 


(b) 


Figure  1.  (a)  SET-FET  transistor  system  and  (b)  transfer  function  of  the  single-electron 

transistor  (schematically) 


3.  Memory  Cell 

As  an  example  of  the  application  of  this  general  concept,  consider  a  non-volatile 
dynamic  RAM  combining  SET-based  cells  and  FET  sense  ampliEers  (Fig.  2).  As  in 
traditional  non-volatile  semiconductor  memories  [8,  9],  digital  bits  are  stored  in  the  form 
of  electric  charge  <2  of  a  floating  gate,  in  our  case  the  gate  is  extremely  small  (of  the 
order  of  10  nm;  see  Sec.  4  below)  and  the  charge  is  just  a  few  electrons.  The  charge  may 
be  changed  by  its  injection/extraction  via  an  element  with  a  sharp  conduction  threshold 
Vj.  We  have  considered  two  possible  implementations  of  this  element  The  simplest 
option  is  to  use  just  a  relatively  thick  dielectric  layer  with  Fowler-Nordheim  tunneling 
above  V^,  similar  to  that  used  in  the  usual  semiconductor  non-volatile  memories  [8,  9]. 
An  alternative  is  to  use  an  Ohmic  resistor  Ri»h/e^~lO^  Q  in  series  with  a  small  tunnel 
junction  (similar  to  those  used  in  the  SET)  [1, 10,  1 1]. 

The  system  dynamics  is  presented  by  the  phase  diagram  shown  in  Fig.  2c;  in  this 
diagram,  each  thin  horizontal  line  corresponds  to  a  certain  number  n  of  electrons  trapped 
in  the  floating  gate.  The  writing  threshold  Vf  for  the  effective  voltage 
may  be  reached  by  the  application  of  positive  voltage  Vj)  to  the  word  line  and  similar 
negative  voltage  to  both  bit  lines  (C^  is  the  total  capacitance  of  the  floating  gate).  Before 
reading,  the  cell  is  preconditioned  by  the  application  of  a  voltage  Vp  to  the  corresponding 
bit  lines  (this  operation  increased  parameter  margins  substantially).  Finally,  write  0/read 
1  operation  is  achieved  by  the  application  of  positive  Vjj=Vj)  and  negative  The 

charge  of  the  floating  gate  changes  by  AQ=eAn=-CjyD,  the  effective  charge  Qf  of  the 
SET  island  changes  by  AQ^AnC^Cj>e.  Because  the  drain-source  voltage  IV^-elC  is 
applied  to  the  transistor  simultaneously,  its  current  performs  several  oscillations  (Fig.  lb) 
during  the  last  process.  These  oscillations  are  picked  up  by  a  FET  sense  amplifier  (Fig. 
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2a),  which  may  serve  simultaneously  a  block  of  iV>>l  SET  cells  connected  in  parallel. 
After  rectification,  this  waveform  is  sent  to  the  output,  signaling  that  the  selected  cell  had 
the  state  1  before  the  write/read  operation;  if  the  state  was  0,  than  An=0,  and  no  output 
signal  is  formed. 

An  elementary  analysis  shows  that  for  this  bit-addressable  operation  the  charge 
difference  AQ=Qj-Qq  should  be  below  random  spread  of  the  switching 

thresholds  would  force  a  further  reduction  of  the  upper  bound  for  AQ,  which  vanishes  if 


(a) 


Figure  2.  Hybrid  SET/FET  memory:  (a)  structure,  (b)  possible  threshold  elements,  and 
(c)  memory  cell  dynamics  shown  schematically  on  its  phase  diagram. 

4.  Parameter  Estimate 

In  order  to  estimate  the  possible  density’ of  the  hybrid  DRAM,  we  have  carried 
out  a  detailed  analysis  of  a  particular  example,  where  the  middle  electrode  of  SET  and 
the  floating  gate  are  islands  of  highly  n-doped  (/i=3xl020  cm-3)  Si  islands  of  size  5x5x3 
nm^  and  7x7x5  nm^,  respectively.  Such  a  high  doping  ensures  that  fluctuations  of  the 
number  of  background  electrons  in  the  islands  (~25  and  ~75,  respectively)  are  relatively 
small.  The  threshold  element  with  Vf=3  V  is  a  2-nm-thick  layer  of  an  insulator  providing 
the  low-field  energy  barrier  of  height  U=3  eV,  while  the  SET-gate  insulation  is  a  10-nm- 
thick  Si02  layer.  SET  has  lateral  Si02  tunnel  junctions  of  area  5x3  nm^  and  barrier 
thickness  of  2  nm.  The  word  and  bit  lines  and  gaps  between  them  are  10  nm  wide;  it  is 
this  width  which  determines  the  area  S=20x40  nm^  of  the  whole  cell.  With  due  allowance 
for  FET  sense  amplifiers  (one  per  N=100  SETs),  this  size  corresponds  to  the  cell  density 
of  lO^^bits/cm^ 
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In  this  case  we  get  C^^O.S  aF,  AQ~lOe,  Cg^OA  aF,  AQ{~1.5e.  Capacitance  C  and 
conductance  G  of  each  junction  of  the  SET  is  about  0.2  aF  and  20  p.S,  respectively,  so 
that  the  total  capacitance  Q,  of  the  middle  island  is  close  to  0.6  aF,  and  the  single¬ 
electron  charging  energy  meV~10^5r  is  sufficiently  high  for  operation  at 

room  temperature  (electron  energy  quantization  in  the  middle  island  increases  the  total 
electron  addition  energy  to  ~400  meV).  In  particular,  the  r.m.s.  noise  of  the  transistor 

[12]  within  the  300  MHz  bandwidth,  reduced  to  its  input  charge,  is  close  to  5x10*3^.  This 
is  why  even  if  N=100  SETs  are  connected  in  parallel,  the  signal-to-noise  ratio  (-10)  is 
still  acceptable  for  a  reliable  read-ouL  The  cycle  time  is  restricted  to  -10  ns  mostly  by 
charge  injection  to/extraction  from  the  floating  gate;  processes  of  charging  the  SET-FET 
interconnects  (-0.1  ns)  and  of  FET  output  lines  (-1  ns)  are  considerably  faster.  The  total 
power  dissipation  (-3  W/cm^)  is  mostly  due  to  that  in  FET  sense  amplifiers;  power 
consumption  of  SETs  (-30  mW/cm^)  and  energy  loss  due  to  recharging  of  interconnects 
and  floating  gates  (-3  mW/cm^)  are  considerably  lower. 

To  summarize,  we  do  not  see  any  insurmountable  problem  with  implementation 
of  such  DRAMs,  provided  that  5-nm  patterning  technology  is  on  hand.  . 

5.  Conclusion 

The  ultradense  DRAM  considered  above  is  not  the  only  possible  application  of 
this  basis  concept  Recently  we  have  suggested  use  of  the  same  concept  for 
implementation  of  electrostatic  mass  data  storage  with  density  in  excess  of  10^2  bits/cm^ 

[13] .  Other  suggestions  are  certainly  forthcoming.  Generally  we  believe  that  using 
single-electron  devices  to  complement  silicon  technology,  rather  than  compete  with  it, 
may  lead  to  the  demonstration  of  room-temperature  digital  circuits  of  unprecedented 
density  in  the  near  future. 
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In  numerous  publications  of  the  last  several  years 
[1,8],  acoustic  phonons  have  been  quantized  for  a  variety  of 
nanoscale  and  mesoscopic  structures  in  order  to  assess  to 
role  of  electron — acoustic-phonon  scattering  in  limiting  the 
performance  of  nanoscale  and  mesoscopic  electronic  devices. 
These  structures  include  quantum  wells,  quantum  wires  with 
cylindrical  and  rectangular  cross  sections,  and  quantum  dots 
with  spherical,  cylindrical  and  rectangular  boundaries. 

These  quantized  phonons  have  been  studies  for  the  two 
cardinal  boundary  conditions  of  classical  acoustics:  free 
boundaries  (open  boundaries)  where  the  phonon  displacements 
are  unrestricted  and  allowed  to  balance  all  normal  traction 
forces  to  zero;  and  clamped  boundaries  (rigid  boundaries) 
where  phonon  displacements  are  required  to  vanish  at  the 
boundaries.  For  quant\im  wells,  scattering  rates  have  been 
calculated  for  free-standing  structures  [4,8].  For  the  case 
of  quantum  wires,  scattering  rates  have  been  calculated  only 
for  the  case  of  infinitely  long  quantum  wires  and,  as 
appropriate  for  this  case,  the  acoustic  phonons  have  been 
quantized  in  only  the  lateral  dimensions.  However,  for 
realistic  mesoscopic  device  designs,  the  quantum  wire  input 
and  output  "leads"  as  well  as  the  active  regions  of  the 
devices  with  quantum-wire  geometries  have  finite  lengths. 
Accordingly,  deformation ^nd  piezoelectric  scattering  rates 
must  be  based  on  acoustic  phonons  that  are  quantized  in  all 
three  spatial  dimensions.  The  international  community  does 
not  appear  to  have  considered  the  role  of  three  dimensional 
confinement  of  acoustic  phonons  in  mesoscopic  devices  but  it 
is  clear  from  the  solutions  of  classical  acoustics  that 
boundary  conditions  imposed  at  the  ends  of  wire-like  regions 
can  have  a  profound  effect  on  the  properties  of  acoustic 
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inodes.  The  results  presented  here  are  based,  in  part,  on  a 
consideration  of  the  role  of  acoustic  phonon  confinement  in 
mesoscopic  devices  containing  finite  wire-like  regions. 

Based  on  our  current  understanding  of  such  finite  wire-like 
structures,  we  believe  that  it  is  possible  to  "engineer” 
mesoscopic  structures  so  that  electron — acoustic-phonon 
scattering  is  reduced.  This  reduction  is  likely  to  be  most 
important  in  mesoscopic  device  which  operate  in  the  basis  of 
"coherent”  electron-wave  interference  effects. 

In  the  domain  of  classical  acoustics,  especially 
revealing  examples  of  the  role  of  wire-like  regions  in 
modifying  and  tailoring  selected  acoustic  mode  patterns  are 
those  of  the  organ  pipe  and  of  the  muffler.  In  the  first 
example,  the  open  boundary  conditions  at  the  ends  of  the 
organ  pipe  result  in  wave  reflections  with  the  reflected  and 
transmitted  waves  having  amplitudes  with  the  same  sign  at 
the  ends  of  the  organ  pipe.  Subject  to  these  boundary 
conditions,  the  acoustic  modes  in  an  organ  pipe  evolve  so 
that  standing  wave  amplitudes  are  maximized  and  anti-nodes 
are  formed  at  the  ends  of  the  pipe;  that  is,  the  dominant 
modes  are  those  having  wavelengths  such  that  the  length  of  a 
half-integral  number  of  wavelengths  is  equal  to  the  length 
of  the  pipe.  Thus,  an  organ  pipe  produces  sounds  at  well 
defined  and  reproducible  wavelengths.  In  the  second 
example,  a  muffler  suppresses  sounds  at  exit  ports  through 
the  use  interfaces  which  produce  modes  with  the  required 
node  and  anti-node  structures. 

In  the  case  of  mesoscopic  devices  the  situation  is, 
perhaps,  more  complex  than  in  the  case  of  classical  acoustic 
waveguides  with  open  boundaries  since,  in  general,  the 
boundary  conditions  at  the  ends  of  the  quantum  wires  require 
that  both  the  mode  displacements  and  the  normal  components 
of  the  stress  be  continuous.  However,  for  the  case  of  a 
quantum  wire  which  couples  to  an  "end”  region  composed  of 
the  same  material  as  that  in  the  interior  of  the  quantum 
wire,  the  open  boundary  condition  such  be  appropriate. 

Thus,  for,  example,  in  the  case  of  a  quantum  wire  with  two 
"open”  ends  the  ambient  acoustic  phonons  in  the  wire  will 
evolve  so  that  the  dominant  modes  are  those  having 
wavelengths  such  that  the  length  of  a  half-integral  number 
of  wavelengths  equals  the  length  of  the  quantum  wire.  Just 
as  in  the  organ  pipe  these  modes  will  have  their  maximum 
amplitudes  at  the  ends  of  the  wires;  that  is,  anti-nodes 
will  be  present  at  the  ends  of  the  quantum  wire.  Similar 
behavior  may  be  expected  ~f or  the  case  of  free-standing 
quantum  well  structures.  For  the  case  of  a  quantum  wire 
which  couples  to  (or  terminates  on)  a  region  composed  of  a 
material  with  acoustic  properties  different  from  those  of 
the  material  in  the  interior  of  the  wire,  the  exact  boundary 
condition  must,  in  general,  be  applied.  From  classical 
acoustics  it  is  known  that  few  analytical  solutions  are 
available  for  the  cases  where  the  complete  boundary 
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conditions  must  be  used.  A  useful  simplification  arises  in 
the  case  where  the  material  in  the  interior  of  the  quantum 
wire  and  the  material  at  the  end  of  the  quant;im  wire  have 
such  different  properties  that  the  phonon  modes  are  damped 
abruptly  at  he  interface  between  the  two  materials;  in  this 
case,  the  so-called  "clamped”  boundary  condition  is  adequate 
and  the  modes  amplitudes  may  be  assumed  to  vanish  at  such 
interfaces.  Such  a  case  applies  at  some  metal-semiconductor 
interfaces.  In  particular,  for  a  mesoscopic  device  having 
wire-like  regions  which  terminate  on  a  variety  of  metal 
regions  (regions  used  as  contacts,  gates,  barriers,  etc.)  it 
is  satisfactory  to  apply  clamped  boundary  conditions.  At 
these  boundaries,  the  acoustic  modes  will  have  nodes  instead 
of  the  anti-nodes  that  are  established  in  the  case  of  an 
open  boundary. 

With  this  set  of  simplified  boundary  conditions  it  is 
possible  to  design  mesoscopic  structures  with  the  phonons 
"engineered"  to  produce  desired  standing  wave  patterns.  As 
an  example,  consider  a  four-terminal  generalization  of  the 
three-terminal  "tee"-shaped  de  Broglie  wave  interference 
device  [9].  More  specifically,  consider  a  mesoscopic 
structure  with  quantum  wires  intersecting  each  other  at 
right  angles  such  that  the  two  wire  "centers"  are  at  the 
same  point.  For  this  structure  the  ends  of  one  wire  are 
taken  to  be  open  and  the  ends  of  the  other  wire  are  taken  to 
be  clamped.  Hence,  it  is  possible  to  select  some  acoustic 
modes  such  that  nodes  will  occur  in  "center"  of  one  wire  and 
anti-nodes  will  occur  at  the  "center"  of  the  other  wire.  By 
selecting  various  wire  lengths  it  is  possible  to  define  a 
standing  wave  pattern  that  either  maximizes  or  minimizes  the 
amplitudes  of  specific  acoustic  phonon  modes  in  regions 
where  the  electronic  wavef unctions  are  dominant. 

Furthermore,  by  "engineering"  interfaces  within  a  quantum 
wire  which  are  perpendicular  to  the  quantum-wire  axis,  it 
should  be  possible  to  control  the  acoustic  modes  in  wire¬ 
like  regions  of  mesoscopic  devices  just  as  the  classical 
acoustic  modes  are  controlled  in  a  muffler.  Thus,  the 
deformation  and  piezoelectric  scattering  rates  may  be 
partially  tuned  by  tailoring  the  ambient  phonon  standing 
wave  patterns  in  such  mesoscopic  structures. 

In  this  effort  to  "engineer"  the  ambient  phonon  modes, 
the  quantum-wire  phonon  modes  obtained  previously  [1,8] 
should  correctly  describe  the  lateral  quantization  of  the 
phonon  modes.  Elementary  examples  of  such  effects  are 
implicit  in  the  results  Of  Ref.  [8].  The  quantization  along 
the  lengths  of  the  quantiun  wires  will  be  treated  approx¬ 
imately  under  the  simplifying  "open"  and  "clamped"  boundary 
conditions  to  assess  the  extent  to  which  mesoscopic  device 
properties  may  be  controlled  through  the  "engineering"  of 
the  phonon  modes  in  mesoscopic  devices.  It  is  emphasized 
once  again  that  the  major  payoff  from  the  "quantum 
engineering"  of  acoustic  phonons  in  quantum  wires  is  the 
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reduction  of  electron — acoustic-phonon  scattering 'and  the 
consequent  preservation  of  "coherent"  electron  waves  in 
mesoscopic  devices.  Achieving  nearly-coherent  electron 
waves  may  ultimately  depend  sensitively  on  reducing 
electron — acoustic-phonon  scattering  even  though  such 
processes  may  be  considered  to  be  weak  by  normal  standards. 
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ABSTRACT 

We  describe  highly  functional  logic 
elements  utilizing  a  two-dimensional  (2-D) 
MESFET  as  a  driving  device  with  a  resonant 
tunneling  diode  load.  The  2-D  MESFET  uses 
lateral  Schottky  contacts^  to  modulate  the  2-D 
electron  gas  width.  The  novel  contact  geometry 
results  in  reduced  capacitance,  low  parasitic 
resistance,  ultra  low  power  performance,  and  the 
elimination  of  the  narrow  channel  effect  (NCE)^ 
compared  to  conventional  HFETs  or  MESffiTs. 
The  advantage  of  using  a  RTD  as  the  load 
device  is  the  reduction  of  the  static  power 
consumption  at  the  logical  high  input  level.  We 
demonstrate  low  power  2-D  MESFET/RTD 
inverter  operation  and  use  our  AIM-Spice 
models  to  prescribe  device  optimizations  to 
further  reduce  power  consumption.  Finally, 
using  the  multiple-gate  feature  of  the  2-D 
MESFET,  we  demonstrate  compact  NAND  and 
NOR  gates  using  a  single  2-D  MESFET/RTD 
pair. 

1.  INTRODUCTION 

High  speed,  low-power  IC  operation  has 
become  an  increasingly  important  area  of 
research,  with  applications  to  battery-powered 
portable  electronic  devices  such  as  notebook 
computers  and  wireless  communications.  This 
consideration  dictates  the  ideal  inverter  load 
element  as  one  that  exhibits  low  current  at 
digital  logic  levels  for  low  static  power  but  high 
current  otherwise  for  high  speed  switching,  as 
shown  in  Fig.  1.  Lehovec  first  demonstrated  the 
use  of  a  p-n  tunnel  diode  featuring  a  negative 
differential  resistance  (NDR)  region  to  meet 
these  requirements.^  These  were  later  replaced 
with  resonant  tunneling  diodes  (RTDs)  featuring 
higher  speed,  lower  capacitance,  and  compati¬ 
bility  with  present  materials  technology 


Fig.  1.  I-V  characteristics  of  an  2-D  MESFET  with  a) 
ideal  load  line  and  b)  RTD  load  line. 

Further  improvements  have  come  from 
increasing  the  performance  of  the  driving 
device,  in  particular  using  materials  with  higher 
carrier  mobilities  and  smaller  dimensions. 
However,  parasitic  effects  such  as  NCE  ulti¬ 
mately  limit  the  performance  of  these  devices. 
In  this  paper  we  present  measurements  and 
simulations  of  the  RTD-load  inverter  using  the 
2-D  MESFET  for  driving.  Since  the  NCE  is 
practically  eliminated  in  the  2-D  MESFET,  very 
low  power  operation  and  compact  NAND  and 
NOR  gates  are  achieved.  Furthermore,  due  to 
higher  mobility,  smaller  parasitics,  absense  of 
short-channel  effects  and  suppression  of  hot- 
electron  effects,  we  expect  smaller  power-delay 
products  compared  to  Si-based  technologies. 

2.  DEVICE  STRUCTURES 

The  2-D  MESFETs  were  fabricated  from  a 
pseudomorphic  Alo.25Gao.75As/Ino.2Gao.8As  het¬ 
erostructure  grown  on  a  semi-insulating  GaAs 
substrate  by  molecular  beam  epitaxy  (MBE). 
Typically,  the  2-D  MESFET  structure  consists 
of  an  undoped  GaAs  buffer  layer,  an 
AlGaAs/GaAs  superlattice  buffer,  an 
Alo.24Gao.76As  layer  imbedded  with  a  Si  5-doped 
plane,  an  InGaAs  channel,  an  Alo.24Gao.76 As 
layer  imbedded  with  a  Si  5-doped  plane,  and  an 
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n"^  GaAs  cap  layer  doped  to  4x10^^  cm'^.  This 
structure  gives  a  sheet  density  of  2-3x10^^  cm'^ 
and  a  carrier  mobility  of  6000  cm^/Vs  at  room 
temperature.  Fabrication  details  and  schematics 
for  the  duahgate  device  are  discussed  in 
Peatman  et.  al}  Fig.  2  shows  a  schematic  of  a 
3-gate  structure,  as  well  as  a  cross-section  of  the 
device.  Both  two-gate  (one  on  either  side  of  the 
2-deg  channel)  and  three-gate  devices  (as  shown 
in  Fig.  2)  were  fabricated. 


Fig.  2.  Schematic  of  the  3-gate  AlGaAs/InGaAs/GaAs  2- 
D  MESFET  device  structure.  Top  view  (above)  and 
cross-section  (below)  showing  a  typical  layer  structure 
(not  drawn  to  scale). 

The  RTDs  were  fabricated  from  an  epitaxial 
layer  structure  grown  on  a  semi-insulating  GaAs 
substrate  by  MBE.  The  resonant  tunneling  oc¬ 
curs  through  two  3  nm  thick  Alo.69Gao.31As 
barriers  surrounding  a  5  nm  thick  Ino.21Gao.79As 
well.  There  is  a  10  nm  undoped  GaAs  spacer 
layer  on  the  collector  side  of  the  double  barrier 
and  the  ohmic  contacts  are  made  to  n'*’  GaAs 
layers  doped  to  3x10^^  cm’^.  This  material 
structure  gives  a  room  temperature  peak  current 
density  of  around  500  A/cm^  and  peak  and 
valley  voltages  of  0.9  V  and  1.6  V,  respectively. 

3.  2-D  MESFET/RTD  INVERTER 
CHARACTERISTICS 

Fig.  3  shows  the  measured  (symbols)  and 
simulated  (lines)  current-voltage  characteristics 
of  a  dual-gate  2-D  MESFET  and  the  load-line 
characteristics  of  an  RTD.  All  measurements 
were  made  at  room  temperature  using  a  HP4145 
parameter  analyzer  and  a  Micromanipulator 
probe  station.  The  simulations  were  performed 
on  AIM-Spice^  using  accurate  /-V  and  C-V 
models  for  the  2-D  MESFET^  and  an  empirical 


I-V  model  for  the  RTD  representing  a  voltage- 
shifted  diode  in  parallel  with  a  current  source: 


/  =  - 


\  +  Ay{y-v^,) 


-VB,exp[S2(V-B3)] 


where  Aj  and  Ay  determine  the  resonant  peak 
current,  is  the  peak  voltage,  B\  and  B2 
determine  the  diode  current  and  B3  represents 
the  diode  voltage  shift.  The  RTD  capacitance  is 
modeled  as  C  =  CqA,  where  Co  is  a  constant 
determined  by  the  material  structure  and  A  is  the 
cross-sectional  area.  The  2-D  MESFET  had 
nominal  dimensions  of  0.5  p.m. 


Fig.  3.  2-D  MESFET  I-V  characteristics  and  RTD  load 
line.  Solid  lines  are  simulated  data  and  symbols  are 
measured  data.  For  the  2-D  MESFET  characteristics  the 
topmost  curve  represents  =  0.5  V,  and  the  stepsize  is 
-0.25  V. 

Here,  the  gates  were  electrically  connected.  The 
pinch-off  voltage  was  -0.55  V,  the  peak  drain 
current  was  75  ^lA  at  -  0.7  V  (150  mA/mm). 
The  RTD  diode  area  was  approximately  8  |im^ 
and  exhibited  a  peak  current  of  39  pA  at  0.9  V 
and  a  valley  current  of  25  p A  at  1.6  V,  giving  a 
peak-to- valley  current  ratio  (PVCR)  of  1.6. 

Fig.  4  demonstrates  the  measured  and 
simulated  inverter  performance  using  these 
devices.  When  connecting  inverters  in  a  chain 
with  the  output  of  one  inverter  driving  the  input 
of  the  next,  the  output  voltage  level  does  not 
exceed  around  0.8  V  due  to  leakage  through  the 
Schottky  barrier  of  the  next  stage.  This  results 
in  a  minimum  voltage  drop  across  the  RTD  of 
around  0.8  V,  causing  a  current  through  the 
device  of  approximately  32  pA.  At  low  output 
voltages  the  current  is  limited  by  the  valley 
current  of  the  RTD  of  25  pA.  The  resulting 
average  static  power  dissipation  is  about  46  pW. 
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Fig,  4.  Measured  and  simulated  inverter  transfer 
characteristics.  Solid  lines  are  simulated  results  and 
dashed  line  is  measured  data.  The  curve  labeled  Vdd  = 

0.9  V  represents  the  transfer  curve  for  an  optimized 
inverter  discussed  in  Section  5. 

This  relatively  high  value  is  due  to  the  high 
RTD  valley  current  and  the  negative  pinch-off 
voltage  of  the  driving  FET.  Furthermore,  by 
assuming  Q  =  1.25  fF/|xm^  (1000  A  depletion 
width),  we  simulated  the  power-delay  product  of 
the  inverter  to  be  10  fJ. 

4.  COMPACT  NAND  AND  NOR  GATES 

The  2-D  MESFET  geometry,  having  gates 
on  either  side  of  the  channel,  lends  itself 
naturally  to  multiple  input  logic  gates.  To 
illustrate  this,  the  operation  of  two-input  NAND 
and  NOR  gates  utilizing  a  single  2-D 
MESFET/RTD  pair  are  demonstrated  in  Fig.  5 
and  6. 

The  NOR  gate  of  Fig.  5  uses  a  two-gate 
driving  device.  The  channel  is  pinched-off  when 
both  gates  are  biased  at  the  logic  low  level, 
giving  a  high  output.  Applying  a  logic  high 
level  to  either  gate  allows  the  channel  to 
conduct,  giving  a  low  output.  The  NAND  op¬ 
eration  of  Fig.  6  uses  a  three-gate  driving 
device,  with  the  inputs  applied  to  the  two  same- 
side  gates  and  a  reference  voltage  (Vref)  applied 
to  the  opposite  gate.  Biasing  either  input  gate  at 
the  logic  low  level  results  in  pinch-off,  giving  a 
high  output.  Biasing  both  gates  at  the  logic 
high  level  allows  the  channel  to  conduct,  giving 
a  low  output. 

The  input  signals  of  Figs.  5  and  6  were  0.8 
V  for  the  high  logic  level  and  -2.2  V  for  the  low 
logic  level,  while  the  supply  voltage  was  at  1.6 
V.  These  values  were  used  to  demonstrate  the 
gates’  principle  of  operation,  and  the  device 
characteristics  may  be  optimized  to  obtain  con¬ 
sistent  DCFL  logic  levels  as  discussed  in  the 
next  section. 


Fig.  5.  Demonstration  of  NOR  operation  using  2-D 
MESFET  driving  device.  Top  trace  is  output  and  lower  2 
traces  are  inputs. 


Fig.  6.  Demonstration  of  NAND  operation  using  3-gate 
2-D  MESFET  driving  device.  Top  trace  is  output  and 
lower  2  traces  are  inputs.  Vref  =  0  V. 


5.  DEVICE  OPTIMIZATION  AND 
FUTURE  DIRECTIONS 

The  static  power  dissipation  of  the  inverter 
presented  in  Section  3  can  be  substantially 
improved  by  optimizing  the  device  characteris¬ 
tics.  First,  to  obtain  consistent  DCFL  logic 
levels  and  to  reduce  the  power  dissipation  in  the 
low-input-high-output  logic  state  an  enhance¬ 
ment  mode  2-D  MESFET  driving  device  should 
be  used.  Next,  the  PVCR  should  be  increased  to 
obtain  lower  static  power  dissipation. 
Furthermore,  the  peak  and  the  valley  voltages  of 
the  RTD  should  be  shifted  to  lower  levels  to 
accommodate  lower  power  supply  levels. 
Finally,  the  current  level  of  the  RTD  can  be 
scaled  to  maximize  the  noise  margin.  Figures  4 
and  7  show  the  resulting  transfer  characteristics 
and  I-V  characteristics,  respectively,  after 
optimizing  the  inverter  from  Section  3. 
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Fig.  7.  Optimized  2-D  MESFET I-V  characteristics  and 
RTD  load  line.  For  the  2-D  MESFET  characteristics  the 
topmost  curve  represents  Vgs  =  0.5  V,  and  the  stepsize  is 
-0.25  V. 

The  driving  device’s  I-V  characteristics  of 
Fig.  7  are  typical  of  enhancement-mode  2-D 
MESFETs,^  while  the  peak  and  valley  voltages 
and  PVCR  of  the  RTD  are  obtainable  using 
standard  material  growth  and  fabrication  tech¬ 
niques.  The  simulated  static  power  dissipation 
through  one  stage  of  an  inverter  chain  based  on 
optimized  inverters  is  calculated  to  be  1  |J,W. 
For  comparison,  the  simulated  power  dissipation 
using  the  same  driving  device  and  a  2-D 
MESFET  load  is  calculated  to  be  3  |iW. 
Assuming  a  diode  area  of  2  pm^,  the  power- 
delay  product  of  the  optimized  inverter  was 
estimated  to  be  approximately  0.5  fJ. 


Fig.  8.  Dependence  of  driving  voltage  on  second  gate 
bias  in  a  dual  gate  2-D  MESFET/RTD  inverter.  Solid 
lines  and  dashed  lines  correspond  to  sweeping  the  input 
voltage  up  and  down,  respectively.  The  second  gate  bias 
voltages  were  a)  0.5  V,  b)  -0.5  V,  and  c)  -1.5  V. 

Since  one  of  the  three  gates  in  the  2-D 
MESFET  shown  in  Fig.  2  can  be  used  to  control 
the  threshold  voltage,  this  device  allows  us  to 
realize .  programmable  gate  arrays  containing 
both  NAND  and  NOR  gates.  It  can  be  also  used 
for  many  other  programmable  logic  applica¬ 
tions.  For  example.  Fig.  8  suggests  a  possible 


application  of  a  dual-gate  inverter,  as  a  sample- 
and-hold  element,  utilizing  both  the  hysteresis 
inherent  with  RTD  loads  and  the 
“programmable”  switching  point. 

6.  SUMMARY 

We  have  demonstrated  the  operation  of  an 
inverter  using  a  2-D  MESFET  as  the  driving 
device  and  a  RTD  load.  Low  power  operation 
arising  from  the  MESFET’ s  2D-3D  geometry 
and  the  RTD’sNDR  was  presented.  The  unique 
multiple-gate  capacity  of  the  2-D  MESFET  was 
used  to  demonstrate  the  compact  NAND  and 
NOR  gates  by  using  only  one  driving  device  and 
one  load  device.  Finally,  optimized  device 
simulations  showing  significantly  lower  power 
performance  were  presented  and  potential  appli¬ 
cations  were  discussed. 
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Introduction 

There  are  several  ways  to  form  a  dynamically  one-dimensional  electron  system 
(quantum  wire)  in  a  semiconductor  structure.  Etched  ridge,  step,  and  V-groove  structures 
have  been  proposed  and  successfully  demonstrated[l-3].  In  their  simplest  form,  however, 
these  structures  do  not  allow  for  easy  control  of  the  electron  density  or  its  distribution.  In 
recent  years,  a  split  gate  on  top  of  a  semiconductor  heterostructure  such  as  AlGaAs/GaAs 
has  been  widely  us^  to  realize  tunable  one-dimensional  electron  systems[4-7].  In  this 
stmcture,  the  formation  of  the  quantum  wire  (channel)  can  be  readily  controlled  by  the  split 
gate  voltage  which  determines  both  the  total  electron  density  and  its  spatial  distribution. 
More  recently,  a  novel  wire  gate  quantum  wire  structure  has  been  proposed  and 
demonstrated[8].  This  device,  which  incorporates  an  additional  narrow  wire  gate  in  the 
gap  of  a  split  gate,  achieves  excellent  control  and  confinement  of  the  one-dimensional 
electron  system.  Comparing  it  to  the  conventional  split  gate  quantum  wire,  the  additional 
wire  gate  voltage  offers  a  new  degree  of  freedom  in  adjusting  the  confinement  potential 
profile  and  hence  the  energy  level  spacing,  the  electron  density,  and  the  effective  width  of 
the  quantum  wire.  In  this  paper,  we  present  results  of  self-consistent  calculations  of  the 
electronic  structure  and  of  Ae  electron  density  and  its  distribution  for  a  wire  gate  quantum 
wire  as  functions  of  the  two  control  voltages.  We  show  that  the  split  gate  voltage  and  the 
wire  gate  voltage  control  in  different  ways  the  confinement  potential  profile  of  the  induced 
electrons  and  tiierefore  the  energy  level  spacing,  the  effective  wire  width,  and  the  total 
density  of  electrons  in  the  wire.  A  schematic  plot  of  our  simulated  structure,  which 
corresponds  to  the  device  demonstrated  in  reference[8],  is  shown  in  Figure  1.  It  consists 
of  an  Alo.3Gao.7As  /  GaAs  heterostructure  with  an  AlG^s  layer  thickness  of  35  nm.  A 

6-doped  layer  with  doping  concentration  of 
3.2x1012  cm‘2  is  incorporated  into  the 
AlGaAs  and  is  located  20  nm  from  the 
AlGaAs  /  GaAs  interface.  The  gap  width  of 
the  split  gate  is  300  nm  and  the  width  of  wire 
gate  is  30  nm.  Fabrication  details  pertinent  to 
this  wire  gate  quantum  wire  can  be  found  in 
reference[8]. 

Theory 

The  self-consistent  calculation  of  the 
electronic  structure  in  the  Hartree 
approximation  requires  the  simultaneous 
solution  of  the  coupled  two-dimensional 
Schroedinger  and  Poisson  equations.  A  finite 
element  method  with  a  nonuniform  triangular 
mesh  was  employed  in  our  calculations.  A 


Figure  1:  Schematic  diagram  of  a  wire  gate  quantum 
wire  structure. 
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self-consistent  semiclassical  calculation  in  the  Thomas-Fermi  approximation  is  first  carried 
out  to  determine  the  classical  potential.  Then  the  Schroedinger  and  Poisson  equations  are 
solved  self-consistently  using  the  semiclassical  potential  as  a  starting  point.  For  a  detailed 
description  of  the  method,  see  reference[9]. 

A  difficulty  in  executing  this  kind  of  calculation  is  that  the  boundary  condition  on 
the  exposed  III-V  semiconductor  surface  between  metal  gates  is  not  well  understood. 
There  are  two  simple  limits  for  the  surface  potential.  One  is  the  assumption  of  a  fixed 
uniform  charge  density  at  the  exposed  surface  in  narrow  gate  openings[10,l  1].  The  other 
is  the  assumption  of  a  constant  surface  potential  dertermined  by  a  pinned  surface  Fermi 
level[9].  The  constant  potential  model  overestimates  the  effective  surface  potential  width  in 
the  gap  while  the  fixed  charge  density  model  underestimates  the  effective  surface  potential 
width  in  the  gap.  Under  conditions  of  low  temperature  operation,  it  is  physically 
reasonable  to  expect  the  surface  charge  density  to  remain  constant  when  the  gate  voltage  is 
varied.  We  therefore  adopted  this  as  the  appropriate  model  for  the  surface  potential. 
However,  for  computational  reasons  we  chose  to  model  the  surface  potential  by  three 
constant  segments  with  widths  determined  as  follows. 

Assuming  a  fixed  surface  charge  density,  the  potential  at  the  exposed  surface  of  a 
single  wire  gate  and  of  a  single  split  gate  were  found  by  using  the  conformal  mapping 
method[12].  The  effective  split  gate  separation  and  the  effective  wire  gate  width  based  on 
constant  surface  potential  segments  were  then  obtained  by  numerical  integration  of  the 
siuface  potential  requiring  equal  averages  for  the  step-like  and  the  continuous  surface 
potentials.  For  the  structure  we  discuss  here,  the  effective  split  gate  separation  and  the 
effective  wire  gate  width  were  found  to  be  200  nm  and  70  nm,  respectively.  These 
parameters  were  used  in  defining  the  surface  potential  boundary  condition  for  all  applied 
voltages. 

Results  and  discussions 


The  self-consistently  calculated  energies  for  the  first  four  subband  minima  are 
shown  in  Figure  2a  as  a  function  of  the  split  gate  voltage  for  a  fixed  wire  gate  voltage  (Vwg 


Figure  2:  The  four  lowest  subband  energies,  the 
Fermi  energy,  and  the  corresponding  ballistic 
conductance  as  functions  of  the  split  gate  voltage  for 
a  fixed  wire  gate  voltage.  Experimental  data  points 
( T  =  5K )  are  shown  as  open  circles. 


Figure  3:  The  four  lowest  subband  energies,  the 
Fermi  energy,  and  the  corresponding  ballistic 
conductance  as  functions  of  the  wire  gate  voltage  for 
a  fixed  split  gate  voltage.  Experimental  data  points 
(  T  =  OjSK  )  are  shown  as  open  circles. 
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=+0.45V).  The  split  gate  threshold  voltage  is  found  to  be  about  -0.7V.  The  level  spacings 
range  from  about  10  meV  near  threshold  to  about  2meV  in  the  split  gate  voltage  range 
considered  here.  The  decrease  of  the  level  spacings  with  the  split  gate  voltage  can  be  well 
explained  by  the  fact  that  the  increase  of  the  electron  density  in  the  channel  due  to  the  less 
negative  voltage  applied  to  the  split  gate  widens  the  confinement  potential  and  hence  the 
effective  channel  width.  It  therefore  reduces  the  energy  level  spacing.  Figure  2b  shows 
the  ballistic  quantum  conductance  of  the  quantum  wire  which  is  derived  from  the 
corresponding  electronic  structure  calculation  (Figure  2a).  Experimental  results[8] 
measured  at  temperature  T  =  5K  are  also  plotted  in  Figure  2b.  The  discrepancy  between 
the  experiment  and  the  calculated  results  can  be  attributed  to  the  fact  that  the  experiment  was 
carried  out  at  a  relatively  high  temperature  with  significant  thennal  excitation  of  electrons 
while  the  calculation  assumes  zero  temperature  statistics.  Therefore  the  conductance  steps 
observed  in  the  experiment  are  smoothed  and  the  conductance  value  associated  with  each 
subband  is  slightly  less  than  2e2/h. 


The  calculated  first  four  energy  levels  as  a  function  of  the  wire  gate  voltage  for  a 
fixed  split  gate  voltage  (Vsg  =  -O.IV)  are  shown  in  Figure  3a.  The  variation  of  the  level 
spacing  with  the  wire  gate  voltage  shows  the  control  effect  of  the  wire  gate  on  the  electronic 
stmcture  of  the  channel.  Figure  3b  shows  the  corresponding  ballistic  conductance  of  the 
quantum  wire.  Experimental  results[8]  measured  at  a  temperature  of  0.5K  are  also  plotted 
in  the  figure.  One  can  clearly  see  the  satisfactory  agreement  both  for  the  threshold  voltage 
and  for  tiie  conductance  plateau  widths  between  our  calculated  results  and  the  experimental 
data,  which  has  more  abrupt  steps  than  the  data  shown  in  Fig  2b,  due  to  the  lower  ambient 
temperature.  In  particular,  we  find  good  qualitative  agreement  in  the  non-uniformity  of  the 
step  widths,  which  contrast  markedly  to  those  obtained  with  varying  Vsg- 


Due  to  the  abrupt  potential  offset  at  the  AlGaAs/GaAs  interface,  the  electron  density 
at  the  interface  is  not  at  its  maximum  value  and  the  electrons  have  a  distribution  that  extends 
to  some  depth  into  the  GaAs  layer.  Figure  4  shows  the  calculated  channel  electron  density 
along  the  x-  (lateral)  direction  at  several  planes  which  are  parallel  to  but  have  different 
distances  from  the  AlGaAs/ GaAs  interface  for  a  fixed  split  gate  voltage  (Vsg  =  -  O.IV)  and 
a  fixed  wire  gate  voltage  (Vwg  =+0.3V).  As  expected,  the  channel  electron  density  at  first 
increases  with  increasing  distance  from  the  interface,  reaches  its  maximum  near  4  nm  and 
then  decreases  asymptotically  to  zero. 
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Figure  4:  The  channel  electron  density  distribution 
at  several  planes  parallel  to  the  AlGaAs/GaAs 
interface  on  the  GaAs  side  for  a  fixed  split  gate 
voltage  and  fixed  wire  gate  voltage,  d  is  the  distance 
from  the  interface. 


Figure  5;  Average  lateral  channel  half  width  of  the 
electron  distribution  as  function  of  the  one- 
dimensional  electron  density  in  the  channel. 

Solid  line  (Vsg=-0.1V,  Vwg=+0*1V  ...  +0.55V). 
Dashed  line  (VwG=+0-45V.VsG='0.7V...-0.05V). 
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The  calculated  average  channel  half  width,  Xave.  defined  as  the  mean  absolute 
distance  of  all  quantum  wire  electrons  from  the  center  of  the  channel  in  the  lateral  direction, 
is  plotted  in  Figure  5  as  a  function  of  the  effective  one-dimensional  electron  density  n(^). 
The  solid  line  is  the  result  for  a  fixed  split  gate  voltage  and  varied  wire  gate  voltage.  The 
dashed  line  corresponds  to  a  fixed  wire  gate  voltage  and  varied  split  gate  voltage.  The 
difference  between  the  solid  line  and  the  dashed  line  reflects  the  different  control  effects  on 
the  channel  electron  distribution  excercised  by  the  wire  gate  and  the  split  gate.  In  the  range 
of  effective  one-dimensional  channel  electron  density  from  10^  to  10^  cm-i,  the  average 
channel  half  width  varies  from  about  7  nm  to  18  nm  for  split  gate  control  and  from  about 
10  nm  to  17  nm  for  wire  gate  control. 


By  judicious  simultaneous  adjustment 
of  both  split  gate  voltage  and  wire  gate 
voltage,  it  is  possible  to  vary  the  channel 
electron  density  without  changing  the  effctive 
channel  width  or  to  vary  the  effective  channel 
width  without  changing  the  channel  electron 
density  as  is  shown  in  Figure  6.  The 
differences  between  the  constant  Xave  tine 
and  the  constant  nO)  line  indicates  the 
different  control  effects  of  wire  gate  and  split 
gate  voltages  on  the  effective  channel  width 
and  on  the  channel  electron  density.  The  split 
gate  voltage  has  a  noticably  stronger  control 
effect  than  the  wire  gate  voltage  on  the 
effective  channel  width  while  the  wire  gate 
voltage  has  a  slightly  stronger  control  effect 
than  the  split  gate  voltage  on  the  electron 
density  in  the  channel. 
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Figure  6:  V^q  vs  Vsq  plots  of  constant  channel 
half  width  and  constant  channel  electron  densities. 
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Abstract 

Advances  in  nanostructure  technology  have  enabled  the  fabrication  of  semi¬ 
conductor  devices  with  submicrometer  feature  sizes.  At  this  small  scale,  elec¬ 
tronic  properties  become  relatively  sensitive  to  Coulombic  fluctuations  arising 
from  random  doping  and  residual  impurities  present  in  the  active  region.  In  par¬ 
ticular,  in  quantum  dots  with  a  small  number  of  electrons,  this  effect  is  expected 
to  affect  significantly  the  quantized  energy  spectrum  and  charge  localization. 

In  this  paper,  we  present  a  model  for  calculation  of  the  electronic  properties 
of  vertical  quantum  dots  structures  (figl)  in  the  presence  of  residual  coulombic 
impurities[l].  We  use  a  full  3D  self-consistent  Poisson-Schrodinger  simulation 
to  compute  the  quantized  energy  spectrum  of  the  entire  nanostructure  encom¬ 
passing  the  modulation  doped  region  and  the  electron  emitter  (substrate).  The 
structure  is  discretized  using  finite  difference  method  with  non  uniform  mesh, 
and  Poisson  &  Schrodinger  equations  are  iteratively  solved,  respectively  by  the 
conjugated  gradient  method  and  by  a  new  iterative  extraction  orthogonalization 
method  developed  by  our  group[2].  The  charge  in  the  quantum  dot  is  computed 
quantum  mechanically  with  zero-dimension  density  of  states  while  semi-clzissical 
Thomas-Fermi  approximation  is  used  in  the  bulk  region.  Exchange  and  corre¬ 
lation  between  electrons  are  treated  by  using  the  Kohn-Sham  density  functional 
method.  The  effect  of  residual  impurities  in  the  dot  was  simulated  by  adding 
self-consistently  a  Coulombic  potential  to  the  model. 

A  comparison  of  the  potential  distribution,  electron  density,  wave  functions 
and  eigenenergies  with  and  without  a  residual  positive  coulombic  center,  is  shown 
on  figs  2  for  a  given  gate  polarisation.  For  remote  impurity,  the  major  effect  is 
a  lowering  of  the  electrostatic  potential  in  the  dot  which  induces  a  shift  in  the 
energy  spectrum  and  a  displacement  of  the  total  electron  charge  toward  the 
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positive  impurity  ion.  At  closer  range,  the  influence  of  the  coulombic  potential 
is  more  dramatic,  involving  a  mixing  between  coulombic  and  dot  eigenstates  (fig 
2(f))  with  a  net  electron  charge  on  the  impurity  center  (fig  2(e)).  We  have  also 
simulated  the  effect  of  negative  impurity  and  observed  an  opposite  effect  with  a 
raising  of  the  potential  and  a  displacement  of  the  charge  away  from  the  negative 
ion,  as  expected. 

Finally,  we  have  simulated  single  electron  charging  effect,  related  to  the  dis¬ 
crete  nature  of  the  electron  charge,  and  discussed  the  influence  of  residual  coulom¬ 
bic  centers  on  the  quantum  dot  capaxfitance. 
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Figure  1:  (a)  Quantum  dot  structure  with  its  different  semiconductor  layers.  The 
dimensions  are  4OOOA  X  2500A  X  5000A,  the  exposed  surface  is  800A  X  lOOOA. 
(b)conduction  band  profile  at  z=^2500A  and  (c)electron  concentration  profile  for  a 
gate  bias  of  -0.56V  (Fermi  level  •=■  OV).  The  origine  of  xyz  axis  is  in  the  upper  front 
right  comer  of  (a). 
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Figure  2:  Conducton  band,  electron  concentration,  eigenenergies  at  y=820A  for  a  gate 
bias  of -0.56V  without  (figs  a,b,c)  and  with  (figs  d,e,f)  the  presence  of  a  Coulombic 
center,  situated  in  the  quantum  well  at  x=240A  and  z=300A  from  the  center  of  the 
dot. 
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Recently,  many  kinds  of  silicon  accelerometers  using  silicon  micromachining  techniques 
with  both  piezoresistive  and  capacitive  sensing  elements  have  been  reported  [1-2].  However, 
most  of  the  development  concerning  silicon  accelerometers  has  been  performed  on  bulk 
micromachined  elements.  Conventional  chemical  etching  methods  have  several  drawbacks, 
such  as  the  etch-stop  control  problem,  limitations  of  microstructure  directions  and  substrate 
orientations,  and  relatively  long  etch  time  (several  hours).  Silicon  microstructures  fabricated 
by  anodization  in  aqueous  HF  solution  have  been  reported  [3-4].  However,  it  is  found 
difficult  to  control  the  thickness  of  the  air-gap  and  to  define  the  exact  sh^s  of  the 
microstructures,  because  of  undesirable  side  etching  due  to  the  isotropic  anodic  reaction. 

In  this  research,  a  convenient  technique,  which  overcome  these  difficulties,  was  suggested 
for  the  fabrication  of  well-defined  microstructure.  We  first  prepared  a  structure  of 
n-epitaxial  layer/pattemed  n^’-diffused  layer/n-substrate  and  then  rendered  the  only  n'^-layer 
to  become  porous,  which  resulted  in  excellent  control  on  defining  the  air-gap  and  the  beam 
thickness,  as  well  as  the  shape  of  the  microstructure.  The  solder  bump  flip-chip  mounting 
process  [5]  was  adopted  as  the  electrical  connections  of  the  accelerometer  fabricated  in  this 
research.  The  main  advantage  of  the  bump  bonding  lies  in  cost  reduction,  increased 
reliability,  high  joint  strength,  ruggedness,  and  ability  to  make  large  numbers  of  bonds 
simultaneously. 

A  configuration  of  4-beam  bridge  type  piezoresistive  accelerometer  is  shown  Fig.  1.  It 
consists  of  a  loaded  mass  at  the  center  of  the  structure,  four  beams  supporting  a  mass,  and 
four  bump  pads  for  electrical  contact  at  the  comer  of  the  structure.  The  structural 
parameters  are  determined  as  R=500/fln,  L=350/flD,  W=120;fln,  and  T=5//ni,  where  R  is  the  radius 
of  the  mass  paddle  (the  region  suspended  by  the  four  beams),  L  is  the  length  of  the  beams, 
W  and  T  are  the  width  and  thickness  of  the  beams,  respectively.  The  diameter  of  the  bump 
paddle  is  1.2mm  and  the  overall  size  of  the  chip  is  3.9mm  x  3.9mm. 

The  fabrication  of  the  accelerometer  started  with  5-10  i3-cm,  phosphorus-doped  (111) 
silicon  wafer  of  625=t25/fln  thickness.  The  n*  region,  which  serves  as  the  sacrificial  layer 
yielding  the  air-gap,  was  selectively  formed  by  ion  implantation  with  phosphorus  (60  keV,  1 
XIO^®  cm’^)  and  subsequent  diffusion.  The  resultant  n* -region  should  have  a  doping  density 
higher  than  5x10^^  cm“^  to  be  anodizable  in  the  HF  solution.  A  low-doped  n-type  epitaxial 
layer  was  then  grown  on  the  substrate.  The  thicknesses  of  the  n'^-diffused  layer  and  the 
n-epitaxial  layer  were  about  lO/zm  and  S/an,  respectively.  The  piezoresistors  were  formed  by 
boron  ion  implantation  with  a  dose  of  2.7  x  10^"^  cm'^  at  40  keV  and  followed  by  an  annealing 
at  1070*0  for  70  minutes  in  N2  atmosphere.  The  measured  sheet  resistance  of  the 
piezoresistor  was  approximately  240  i3/D.  lOOOA  thick  passivation  oxide  was  thermally 
grown  and  1500  A  thick  LPCVD  silicon  nitride  was  deposited  for  stress-relief.  To  provide  a 
masking  layer  for  anodization,  a  10(X)A  thick  Ni-Cr  adhesion  and  60{X)A  thick  Au  were 
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sequentially  deposited  by  e-beam  evaporation.  After  Auy^i-Cr  masking  layer  was  patterned 
by  wet  etching,  the  nitride  layer  was  removed  by  plasma  etching  and  the  oxide  was  etched 
in  BHF  solution.  N-epitaxial  silicon  layer  was  etched  with  Reactive  Ion  Etching  to  provide  a 
pass  for  anodization.  The  Etch  depth  of  the  silicon  was  about  Porous  silicon  was 
formed  in  selectively  diffused  n^  region  of  n/nVn  silicon  structure  by  anodic  reaction  in  12 
wt%  aqueous  HF  solution  using  voltage  source  (1.85V)  at  room  temperature,  and  etched 
away  in  5  wt%  NaOH  solution.  After  that,  the  Au/Ni-Cr  masking  layers  were  fuUy  etched 
off.  Surface  and  cross-sectional  SEM  views  of  the  fabricated  4-beam  microstructure  of  the 
accelerometer  are  shown  in  Fig.  2.  Since  anodic  reaction  does  not  occur  with  the  low-doped 
n  silicon  substrate,  the  reaction  stops  automatically  after  complete  conversion  of  the  n"" 
region  to  porous  layer  [6].  The  side  etching  phenomenon  of  the  microstructure  thus  does  not 
occur,  as  shown  in  Fig.  2(b).  The  respective  beam  thickness  and  air-gap  height  exactly 
match  the  thicknesses  of  the  5jm  thick  epitaxial  n-si  layer  and  the  lOfm  diffused  n^-layer, 
showing  precise  controllability  on  determining  the  the  microstructures  of  the  devices. 

For  the  formation  of  bump  pads  and  mass  paddle,  lOOOA  thick  Ni-Cr  and  6(X)0A  thick 
Au  were  sequentially  deposited  by  e-beam  evaporation.  Lead-tin  solder  was  then  loaded 
simultaneously  on  the  bump  pads  and  mass  paddle  by  dispensing  Pb/Sn  (Pb‘Sn=37^63)  solder 
paste.  The  die  was  heated.  Hemispherical  solder  balls  were  formed  on  top  of  the  Au/Ni-Cr 
pads  as  shown  in  Fig.  3.  The  loaded  mass  on  the  mass  paddle  weighed  about  2.5mg. 

Finally,  the  dies  were  placed  face-down  on  a  ceramic  substrate.  Temperature  was 
increased,  causing  the  solder  to  reflow,  and  the  die  was  bonded  directly  to  the 
interconnections  on  the  substrate.  Solder  balls  provide  functions  of  both  electrical 
interconnection  and  die  attachment.  This  bump  bonding  can  be  adopted  to  a  surface 
mounting  on  circuit  boards  for  signal  processing  if  necessary. 

The  characteristics  of  the  fabricated  devices  were  measured  by  an  accelerometer 
calibration  system  with  a  high-precision  reference  accelerometer.  The  output  response  of  the 
devices  have  measured  from  the  full-bridge  detection  circuits  and  the  voltage  difference  was 
amplified  by  a  differential  amplifier  with  gain  of  120.  The  measured  result  in  Fig.  4  shows 
the  output  response  of  the  sensor  in  the  acceleration  range  from  0  to  l.lg.  The  measured 
sensitivity  is  0.04m V/g/V  and  the  nonlinearity  of  the  sensor  is  less  than  0.8%  of  the  full 
scale  output.  The  result  shows  good  linearity,  although  the  measured  range  is  limited  to  l.lg 
due  to  our  measurement  set  up.  The  measured  frequency  response  in  the  range  of  OHz-- 
3.2kHz  is  shown  in  Fig.  5.  The  first  resonant  frequency  was  1.4kHz,  7%  higher  value  than 
the  designed  frequency.  It  was  found  that  loaded  mass  error  becomes  the  major  source  of 
the  discrepancy  between  the  estimated  and  the  measured  resonant  frequency. 

A  piezoresistive  silicon  accelerometer  using  porous  silicon  etching  method  and  bump 
bonding  technique  was  fabricated  and  characterized.  It  was  demonstrated  that  porous  silicon 
etching  method  has  made  it  possible  to  precisely  define  dimensions  of  the  beam  and  the 
air-gap  of  the  microstructure  by  controlling  the  thicknesses  of  the  n-epitaxial  and 
n'^-diffusion  layers  of  the  n/nVn  structure,  and  also  bump  bonding  technique  is  very 
attractive  for  the  electrical  connections  of  accelerometer  in  view  of  cost,  density,  and 
reliability,  compared  to  wire  bonding. 
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Fig.  1.  Top  and  cross-sectional  views  of  the  accelerometer. 


(a)  (b) 

Fig.  2.  Surface  and  cross-sectional  SEM  views  of  the  microstructure. 


Fig.  3.  SEM  photograph  of  the  loaded  mass  and  bumps. 


Fig.  4.  The  output  voltage  of  the  accelerometer. 


Frequency  [kHz] 


Fig.  5.  The  frequency  response  of  the  accelerometer. 

References 

1.  L.  M.  Roylance  and  J.  B.  Angell,  "A  batch  fabricated  silicon  accelerometer,"  TRF.F.  Trans. 
Electron  Devices,  ED-26,  pp.  1911-1917,  1979. 

2.  H.  Leuthold  and  F.  Rudolf,  "An  ASIC  for  high-resolution  capacitive  microaccelerometers," 
Sensors  and  Actuators,  A21-A23,  pp.  278-281,  1990. 

3.  X.  Z.  Tu,  "Fabrication  of  silicon  microstructures  based  on  selective  formation  and  etching 
of  porous  silicon,"  J.  Electrochem.  Soc.,  vol.135,  no.8,  pp.  2105-2107,  1988. 

4.  C.  J.  M.  Eijkel,  J.  Branebjerg,  M.  Elwenspoek,  and  F.  C.  M.  Van  de  Pol,  "A  new 
technology  for  micromachining  of  silicon-'  Dopant  selective  HF  anodic  etching  for 
realization  of  low-doped  monocrystalline  silicon  structures,"  Electron  Dev.  Lett,  vol.ll, 
no.l2,  pp.  588-589,  1990. 

5.  P.  A.  Totta  and  R.  P.  Sopher,  "SLT  Device  Metallurgy  and  Its  Monolithic  Extension," 
IBM  Journal  of  Research  &  Development  13,  pp.  226-238,  1969. 

6.  R.  P.  Holmstrom  and  J.  Y.  Chi,  "Complete  dielectric  isolation  by  highly  selective  and 
self-stopping  formation  of  oxidized  porous  silicon,"  Appl.  Phys.  Lett.,  vol.42,  no.4,  pp 
386-388,  1983. 


380 


Polysilicon-micromachined  optical  devices 


N.  C.  Tien,  M.  J.  Daneman,  M-H.  Kiang,  O.  Solgaardt,  K.  Y.  Lau,  and  R.  S.  Muller 


Department  of  Electrical  Engineering  and  Computer  Science 
Berkeley  Sensor  &  Actuator  Center 
University  of  C^fomia,  Berkeley,  CA  94720-1770. 


Abstract-  Actuated  polysilicon  surface-micromachined  micromirrors  for  micro-optical 
systems  on  silicon  have  been  designed  and  fabricated  .  Microhinge  technology  has  been  used  to 
achieve  the  required  vertical  dimensions  and  functionality  for  these  beam-steering  mirrors.  Both 
electrostatic  comb-drives  and  impact-actuated  linear  vibromotors  have  been  used  to  move  the 
mirrors.  The  fabrication  of  these  devices  involves  the  surface-micromachining  of  up  to  four 
polysilicon  layers.  The  mirrors  are  relatively  insensitive  to  shock,  vibration  and  temperature 
fluctuations  and  have  been  used  in  laser-to-fiber  coupling  and  laser  scanning  applications. 

L  INTRODUCTION 

Advances  in  surface-micromachining  technology  offer  a  new  approach  to  the 
development  of  micro-optical  systems  on  silicon.  We  describe  actuated  polysilicon  mirrors  for 
optical-beam  steering,  a  basic  optical  device  used  in  many  applications.  For  example,  the  mirror 
can  be  used  for  precise  beam  positioning  in  laser-to-fiber  coupling,  for  low-loss  optical  switching, 
for  external  cavity  lasers,  or  for  laser  scanning  like  that  found  in  supermarket  check-out  counters, 
laser-light  shows  and  displays. 

The  compatibility  of  the  surface  micromachined  structures  with  VLSI  fabrication 
techniques  allow  for  the  integration  of  control  electronics  on  the  same  chip  [1].  The  combination 
of  optical  elements,  actuators,  and  electronics  on  one  chip  will  result  in  compact,  high- 
performance,  low-cost,  "smart"  optoelectronic  modules. 

For  this  "optical  bench  on  a  chip,"  movable  high-aspect-ratio  optical  elements,  such  as 
mirrors  and  lenses  [2,3,6]  will  be  needed  to  interact  with  optical  beams  propagating  parallel  to  the 
substrate  surface.  Because  the  diameters  of  collimated  laser  beams  are  greater  than  tens  of 
microns  (i.e.  large  compared  to  film  thicknesses  which  are  on  the  order  of  a  micron  or  less  in 
traditiond  surface-micromachining  technology)  an  optical-beam  steering  mirror  cannot  be 
implemented  without  three-dimensional  stmctures. 

n.  MOVABLE  MICROMIRRORS 

We  describe  polysilicon  surface-micromachined  mirror  systems  that  can  swing  out  from 
the  surface  and  be  linearly  translated.  To  create  these  structures,  while  retaining  the  advantages 
of  VLSI  fabrication  technology,  we  use  polysilicon  hinges  [4]  to  connect  the  mirror  to  a  movable 
platform.  A  mirror  system  with  two  degrees  of  freedom  is  shown  in  Fig.  1. 


Fig.  1.  A  scanning-electron-microscope  image  of  a  folded-up  micromirror. 

^  Now  with  the  Department  of  Electrical  and  Computer  Engineering,  University  of  California,  Davis,  CA . 
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It  is  comprised  of  a  300  pm  high  by  200  pm  wide  mirror  and  a  support  plate  between  two  sliders. 
Microhinges  connect  the  slider  to  the  bottom  of  the  mirror,  the  top  of  the  mirror  at  the  top  of  the 
support  plate,  and  the  bottom  of  the  support  at  the  second  slider.  Linearly  translating  the  sliders, 
which  are  guided  by  flanged  polysUicon  guides,  toward  each  other,  causes  the  mirror  and  support 
to  fold-up  and  rise  off  the  substrate.  If  the  sliders  are  moved  together  in  the  same  direction,  the 
mirror  is  also  translated  without  changing  its  tilt.  If  one  slider  is  moved  with  respect  to  the  other, 
the  mirror  angle  is  changed.  An  optical  beam  propagating  parallel  to  the  substrate  and  incident  on 
the  mirror  at  a  45  degree  angle  can  be  positioned  horizontally  by  translating  the  mirror  and 
simultaneously  vertically  by  tUting  the  mirror. 

A.  Fabrication 

The  fabrication  of  the  micromirrors  is  based  on  conventional  polysilicon  surface 
micromachining  and  uses  three  layers  of  structural  polysilicon  above  a  polysilicon  ground  plane. 
After  deposition  of  sequential  passivation  layers  of  thermal  silicon  oxide  and  nitride,  a  0.5  pm  n+ 
polysilicon  ground  plane  is  deposited  and  patterned.  The  first  sacrificial  layer  of  LPCVD 
phosphosilicate  glass  (PSG)  is  then  deposited  and  patterned.  Depressions  are  wet  etched  into  the 
PSG  using  5:1  hydrofluoric  acid  to  create  dimples  under  the  mirror,  sliders  and  back  support  (for 
reduced  surface-to-surface  contact).  The  dimples  lessen  stiction  between  these  structures  and  the 
substrate.  Next,  the  first  structural  polysilicon  layer  is  deposited  by  LPCVD  and  patterned  using 
a  chlorine-based  (Cl  2)  plasma  etch.  This  layer  forms  the  mirror,  sliders,  back  supports  and  comb 
drives.  A  second  sacrificial  layer  is  then  deposited  and  patterned  to  allow  the  second  polysilicon 
layer  to  be  anchored  to  the  substrate.  The  openings  for  the  anchors  were  etched  in  fluorine-based 
(CF4)  plasma.  After  deposition,  the  second  structural  polysilicon  layer  is  etched  to  form  the 
guides  for  the  sliders  and  the  pins  of  the  hinges.  The  third  sacrificial  layer  and  the  third  stractural 
layer  are  then  deposited  and  patterned  to  complete  the  hinge  structures.  The  poly  silicon  structural 
layers  are  2-|jLm  thick,  and  the  sacrificial  oxide  layers  range  from  1  to  2  |im  in  thickness.  The 
sacrificial  layers  are  removed  through  wet  etching  in  hydrofluoric  acid  to  release  the  movable 
stmctures.  The  last  step  is  the  evaporation  of  50  nm  of  gold  to  increase  mirror  reflectivity.  We 
measured  a  reflectivity  of  85%  at  1.3  pm.  The  reduction  from  the  theoretical  96%  reflectivity  of 
a  perfect  gold  mirror,  is  due  to  scattering  caused  by  polysilicon  surface  roughness  and  by  etch 
holes  and  dimples  in  Ae  mirror. 

B.  Mechanical  Properties 

The  mechanical  characteristics  of  the  mirror  system  such  as  its  flatness,  the  precision  of 
the  motion  and  its  integrity  under  environmental  stresses  are  important  factors  in  evaluating  the 
mirror's  performance.  Curvature  of  the  mirror  due  to  stresses  in  the  deposited  polysilicon  film  is 
essentially  eliminated  by  a  1050'^C  stress  relief  anneal  [5].  The  position  accuracy  of  the  mirror 
was  measured  by  following  a  laser-beam  that  was  bounced  off  the  mirror  as  it  was  being  tilted.  A 
small  deviation  of  less  than  0.2  pm  by  the  mirror  from  the  expected  straight  line  was  found  [2]. 

The  mechanical  integrity  of  Ae  mirror  under  some  environment^  stresses  was  tested.  To 
test  the  ability  of  the  mirrors  to  withstand  shocks  caused  by  normal  handling  and  operation,  an 
unpackaged  mirror  was  subjected  to  500  g  and  1000  g  shock  tests  (three  drops  for  each  of  the  six 
axes)  with  only  a  slight  movement  (up  to  2  pm)  of  tihe  slider  observed  after  the  1000  g  test  [2]. 
This  was  not  unexpected  as  the  extremely  light  masses  of  the  mirrors  (on  the  order  of  a  few  pgm) 
cause  inertial  forces  to  be  extremely  small.  The  friction  is  dominated  by  the  adhesive  forces 
between  surfaces  that  are  on  the  order  of  pN/pm^. 

Interferometric  measurements  were  made  to  characterize  the  vibration  and  temperature 
sensitivity  of  the  mirror  [6].  An  optical  fiber  was  mounted  onto  the  substrate  in  front  of  a  raised 
micromirror  so  that  the  fiber  face  and  the  mirror  formed  a  Fabry-Perot  interferometer.  Mirror 
movement  could  be  measured  with  a  resolution  of  at  least  10  nm.  The  mirror  appears  to  be  fairly 
insensitive  to  vibrations  up  to  60  kHz.  Temperature  measurements  between  25  and  200°C  were 
made  by  placing  the  interferometer  in  a  convection  oven.  The  observed  movement  of  the  mirror 
is  accounted  for  by  the  thermal  expansion  of  the  silicon  substrate. 

m.  ACTUATION 

Electrostatic  actuators  can  be  fabricated  from  common  VLSI  materials  such  as 
polysilicon  and  generally  consume  less  power  and  are  faster  than  thermal  actuators.  Surface- 
micromachined  polysilicon  resonators  which  are  driven  by  interdigitated  capacitors  or 
electrostatic  combs  [7]  can  be  used  to  move  the  mirrors.  Though  the  range  of  motion  is  limited  to 
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a  few  lO's  of  microns,  the  acmator  can  precisely  position  a  mirror  to  within  0.2  pm  [12]  for  a 
given  dc  bias  or  harmonically  scan  a  mirror  when  an  ac  bias  is  applied. 

Impact-actuated  linear  vibromotors  have  been  developed  [8-10]  to  move  sliders  along  the 
chip  surface  over  large  distances  (up  to  several  hundred  microns)  with  submicron  resolution.  The 
actuator  consists  of  a  electrostatic  resonator  with  a  rigid  arm  extending  from  it,  which  impacts  a 
linear-motion  slider  and  has  been  shown  to  be  capable  of  moving  the  micromirrors  [9].  As  is 
shown  in  Fig.  2,  the  bottom  of  a  400  pm  long  mirror  is  hinged  to  the  substrate  while  the  top  is 
hinged  to  a  support  arm  which,  in  turn,  is  hinged  to  the  slider  of  the  actuator.  The  vibromotor 
moved  the  slider  nearly  50  pm,  tilting  the  mirror  8  degrees.  One  feature  of  the  linear  vibromotor 
is  that  the  actuator  is  only  engaged  with  the  slider  during  movement.  Once  disengaged,  the 
adhesion  forces  between  the  slider  and  the  substrate  (stiction)  tend  to  prevent  movement. 


Fig.  2.  A  scanning-electron-microscope  image  of  the  linear  vibromotor-driven  mirror. 

IV.  APPLICATIONS 

A.  Laser-to-fiber  coupling  module 

A  micromirror  of  the  type  shown  in  Fig.  1  was  incorporated  into  a  laser-to-fiber  coupling 
module,  an  example  of  which  is  shown  in  Fig.  3,  and  used  to  improve  the  optical  alignment  so 
that  a  coupling  efficiency  of  40%  has  been  repeatedly  achieved  [11].  A  semiconductor  laser, 
aspheric  lens  and  £ui  optical  fiber  were  positioned  on  a  chip  using  standard  silicon-optical-bench 
(SOB)  techniques.  The  mirror  is  used  to  compensate  for  the  inaccuracies  inherent  in  the  SOB 
technology  which  limit  the  coupling  efficiencies  to  5-10%. 


Fig.  3.  Integrated  laser-to-fiber  coupling  chip  Fig.  4.  Scanner  for  off-chip  beam  positioning, 
with  a  movable  micromirror. 

B.  Scanners  and  External  Cavity  Lasers 

The  structure  shown  in  Fig.  4  was  designed  to  be  the  external  mirror  of  an  external  cavity 
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laser.  In  this  structure,  the  bottom  of  both  the  mirror  and  the  support  are  attached  to  electrostatic 
comb-drive  actuators  [12].  The  mirror  measures  500  by  500  |im,  and  the  comb  drives  have 
maximiiTn  displacements  of  15  pm,  corresponding  to  a  maximum  angle  variation  of  3  degrees. 
The  mirror  angle  can  be  controlled  in  a  dc  fashion  for  laser-beam  positioning  or  the  mirror  can  be 
driven  harmonically  for  laser  scanning.  The  measured  precision  of  the  mirror  movement  is  better 
than  0.2  pm  resulting  in  an  angular  accuracy  of  0.02  degree.  We  have  made  mirrors  with  up  to  20 
degrees  of  angular  range  of  motion. 


V.  CONCLUSION 

We  have  designed  and  fabricated  movable  micromirrors  based  on  polysilicon  microhinge 
technology.  The  micromirrors  have  the  mechanical  functionality,  vertical  height  and  area  required 
for  optical  beam-steering.  These  mirrors  can  be  used  in  on-chip  beam  positioning  as  part  of  a 
micro-optical  system  or  for  off-chip  laser-beam  scanning.  The  stability  of  the  micromirrors  is 
sufficient  under  stresses  imposed  by  temperature  changes,  vibration,  and  shock.  Successful 
production  of  these  hinged  mirrors  will  lead  to  low-cost,  batch-assembled,  high-performance 
optoelectronic  systems  for  a  wide  variety  of  applications. 
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INTRODUCTION 

Single  crystal  silicon  is  very  thermally  conductive.  At 
1.57  W/cm*K  its  thermal  conductivity  is  close  to  that  of 
aluminum  (2.36  W/cm-K).  This  high  conductivity  is 
beneficial  for  integrated  circuitry,  since  it  allows  for 
efficient  heat  dissipation  away  from  circuits  through  the 
substrate  into  the  package.  There  are  applications, 
however,  where  it  is  necessary  to  create  and/or  detect  small, 
very  localized  changes  in  temperature  at  the  surface  of  an 
integrated  circuit,  using  as  little  power  as  possible.  In 
these  cases,  the  selective  removal  of  portions  of  silicon 
substrate  allows  for  the  fabrication  of  microstructures  with 
high  thermal  isolation. 

Several  specialized  processes  have  been  developed 
for  the  fabrication  of  thermally  isolated  structures  [1,2,  3]. 
The  many  departures  from  standard  circuit  processing  steps, 
however,  limit  the  versatility  of  these  techniques.  A 
different  approach  is  to  perform  post-process 
micromachining  steps  on  otherwise  unmodified  circuit 
processes,  preferably  without  the  need  for  additional 
masking  steps.  With  this  technique,  any  appropriate 
foundry  or  in-house  IC  process  can  yield  a  variety  of 
electro-thermal  devices.  Since  the  process  is  optimized  for 
circuitry,  signal  amplification,  filtering,  buffering,  and  a 
variety  of  other  electronic  processing  can  be  done  on  chip, 
yielding  a  fully  integrated  system. 

One  of  these  post-processing  methods  allows  for 
etching  away  silicon  underneath  dielectrics  in  standard 
CMOS  processes  [4].  Using  this  technique,  it  is  possible 
to  fabricate  thermally  isolated  polysilicon  heaters  and  thin 
film  thermopiles,  using  the  interconnect  layers  available  in 
the  IC  process.  These  can  be  combined  to  make  micro 
hot-plates  [5],  IR  detectors  [6],  flow  sensors  [7],  power 
sensors  [8],  and  a  variety  of  oAer  devices. 

The  limitation  of  undercutting  dielectrics  is  that 
all  the  silicon  underneath  the  cantilever  or  hot-plate  is 
removed.  The  only  devices  that  can  be  thermally  isolated 
are  those  built  with  interconnect  layers,  which  are  typically 
limited  to  aluminum  and  polysilicon.  In  order  to  extend 
the  capabilities  of  CMOS  post-process  micromachining,  a 
technique  was  developed  to  provide  thermally  isolated 
regions  of  silicon,  supported  by  dielectric  beams  over 
cavities  etched  in  the  substrate  [9].  The  method  requires  no 
modifications  to  the  circuits  process,  and  no  extra  masks 
are  necessary. 

FABRICATION 

Figure  1  shows  a  cross  section  of  the  undercutting  process. 
Fig.  1(a)  shows  a  cross  section  of  a  typical  thermo-element 
at  the  end  of  a  CMOS  process.  Regions  of  silicon 
substrate  are  exposed  by  superimposing  the  device  active, 
diffusion  contact,  intermetal  via,  and  overglass  via  layers 
in  the  chip  layout.  The  field  oxide  and  other  interlevel 
dielectrics  then  form  a  masking  layer  for  the  subsequent 


silicon  etch.  Since  the  bondpads  are  exposed  during  the 
silicon  etch,  it  is  necessary  to  use  a  silicon  etchant  that  is 
selective  to  aluminum,  as  well  as  the  oxide  masking  layer. 
We  use  tetramethyl  ammonium  hydroxide  (TMAH),  which 
has  very  good  selectivity  to  oxide,  and  does  not  attack 
aluminum  when  doped  with  the  appropriate  amount  of 
dissolved  silicon  [10]. 


(c)  (d) 


Figure  1:  Cross  section  of  silicon  undercutting  process, 
(a)  After  completion  of  standard  CMOS  process,  (b)  and 
(c)  The  p-type  silicon  is  etched  while  the  n-well  is 
passivated  by  an  electrochemical  etch  stop,  (d) 
Thermally  isolated  circuitry  suspended  over  an  etched 
cavity. 

The  silicon  n-well  is  passivated  by  an 
electrochemical  etch  stop.  A  potentiostat  is  used  to 
maintain  the  potential  of  the  n-wells  at  -0.8  V  and  the  p- 
substrate  at  -1.5V,  relative  to  an  Ag  /  AgCi  electrode  in 
solution,  by  driving  a  platinum  counter  electrode.  The  final 
structure  is  a  region  of  single  crystal  silicon  suspended  by 
dielectric  beams.  Electrical  connection  to  devices  in  the  n- 
well  is  provided  by  aluminum  interconnect  traces  inside  the 
beams.  This  technique  allows  for  the  thermal  isolation  of 
a  wide  range  of  devices.  In  the  Mosis  2.0  pm  analog 
CMOS  process  used  for  building  our  systems,  these 
devices  include  not  only  the  polysilicon  resistors  and 
thermocouples  that  are  possible  with  dielectric 
undercutting,  but  also  PMOS  transistors,  NPN  bipolar 
transistors,  PN  diodes,  and  diffused  resistors.  The  oxide 
support  beams  provide  high  thermal  isolation,  since  the 
oxide  has  a  low  thermal  conductivity  (0.014  W/cm-K  for 
thermal  oxide)  and  the  aluminum  traces  are  minimum 
width  (3  pm). 

THERMALLY  BASED  SYSTEMS 
A  wide  range  of  thermally  based  measurement  systems  are 
made  possible  by  using  thermally  isolated  structures. 
These  include  flow  sensors,  power  or  root-mean-square 
(RMS)  sensors,  vacuum  sensors,  and  infrared  detectors. 
We  are  exploring  the  applications  of  thermal  vacuum  and 
RMS  measurement.  The  latter  will  be  described  below. 

The  high  thermal  isolation  of  these  devices 
(routinely  30,000  K/W  to  60,000  K/W  in  air)  also  makes 
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it  possible  to  regulate  the  temperature  of  the  silicon  at  the 
tip  of  the  support  beams  with  very  little  power.  An 
application  based  on  this  is  a  low-power  temperature- 
regulated  bandgap  reference,  which  will  also  be  described 
below.  All  these  systems  take  advantage  of  the  fact  that 
the  process  used  is  optimized  for  analog  circuits;  circuits 
are  integrated  with  the  undercut  microstructures. 

THERMAL  AC  TO  RMS  CONVERTER 

The  expression  for  RMS  voltage  is 


Measuring  this  value  for  an  AC  waveform  is  important  for 
applications  such  as  oscillator  leveling,  automatic  gain 
control,  and  AC  signal  measurement.  The  most  common 
method  for  measuring  the  magnitude  of  AC  signals  is 
precision  rectification  and  filtering,  which  yields  the 
average  value  of  a  waveform.  This  yields  only  a  relative 
measure  of  RMS,  and  only  for  a  sinusoidal  signal. 

Measuring  true  RMS  is  very  desirable  for  general- 
purpose  measurements.  One  common  method  for 
obtaining  true  RMS  is  through  analog  computational 
techniques.  While  these  methods  are  widely  employed  in 
hand-held  measurement  equipment,  bandwidths  are  limited 
to  several  megahertz,  and  depend  strongly  on  the  magnitude 
of  the  input  signal. 

Due  to  the  wide  bandwidths  attainable,  the 
thermal  domain  has  long  been  used  for  the  determination  of 
the  RMS  value  of  AC  signals  [11,12,  13],  Our  integrated 
thermal  converter  uses  polysilicon  resistors  as  heaters  and 
diodes  as  temperature  sensors  [14].  The  heater  and  sensor 
are  located  at  the  tip  of  two  dielectric  support  beams.  The 
fabricated  thermoelements  were  designed  with  several 
different  beam  lengths,  ranging  from  85  pm  to  225  pm, 
and  have  a  measured  thermal  resistance  (in  air)  of  up  to 
37,000  K/W.  The  suspended  diodes  have  a  measured 
temperature  sensitivity  of  -2mV  /  K. 

The  feedback  topology  used  to  obtain  the  RMS 
value  of  the  input  signal  is  shown  in  Fig.  2.  The  negative 
feedback  constrains  the  forward  voltages  of  the  two  diodes 
to  be  equal.  One  can  therefore  write, 

+  =  (2) 

where  Si  and  S2  are  the  thermal  sensitivities  (a  function  of 


Vdd 


Figure  2:  Feedback  topology  used  in  the  RMS  converter. 


thermal  efficiency  of  the  elements  and  electrical  resistance 
of  the  heater),  and  V^j  and  are  the  forward  diode  drops 
with  no  signal  applied  to  the  polysilicon  resistors.  Since 
these  forward  drops  are  equal,  or  can  be  set  equal  by 
adjusting  the  bias  currents,  and  the  thermal  efficiencies  are 
equal  due  to  the  excellent  matching  of  the  diode 
temperature  sensitivity  and  the  geometry  of  the  devices,  the 
expression  simplifies  to  the  definition  of  RMS.  The 
averaging  operation  in  Eqn.  2  is  due  to  the  thermal  pole  of 
the  input  thermoelement. 

The  amplifier  shown  in  Fig.  2  is  implemented  as 
an  integrated  folded  cascode  CMOS  operational  amplifier, 
in  combination  with  a  source  follower  /  emitter  follower 
buffer.  The  output  stage  is  capable  of  driving  the  load 
with  currents  in  excess  of  50  mA,  which  is  more  than 
sufficient  to  realize  the  upper  end  of  the  dynamic  range  of 
the  thermoelements.  The  quiescent  power  consumption  of 
the  amplifier  is  950  pW. 

The  -3  dB  frequency  of  the  RMS  converter  was 
measured  to  be  415  MHz.  This  is  limited  primarily  by  the 
20  nH  parasitic  inductance  of  the  bondwires  going  to  the 
heating  resistor.  Better  packaging  or  the  use  of  multiple 
parallel  bondwires  is  exp>ected  to  increase  the  bandwidth  of 
the  RMS  converter  even  further,  potentially  up  to  the 
gigahertz  range. 


Figure  3:  RMS  converter  measured  transfer  function. 

A  plot  of  input  RMS  versus  output  voltage  for  a 
sinusoidal  input  signal  of  1  kHz  is  shown  in  Fig.  3.  The 
dynamic  range  of  the  RMS  converter  system  covers  2.4 
mV  to  1.1  V  (53  dB).  The  measured  nonlinearity  of  the 
converter  is  better  than  1%,  and  settling  times  (2%)  are  on 
the  order  of  20  ms  for  maximum  signal  excursions.  The 
entire  converter,  including  both  thermoelements  and  the 
buffered  amplifier,  occupies  an  area  of  400  pm  by  400 
pm.  The  converter  can  be  readily  implemented  with  other 
CMOS  circuitry,  such  as  data  converters  or  RF  circuits. 
Since  the  input  heating  resistor  is  electrically  floating,  it 
can  be  referenced  to  an  RF  ground,  which  can  be  offset 
from  the  analog  ground  of  the  measurement  system. 

Fig.  4  shows  a  scanning  electron  micrograph  of 
the  complete  RMS  converter  system.  The  folded  cascode 
amplifier  and  output  buffer  are  visible  at  the  right.  The 


386 


oxide  beam  length  of  the  thermoelements  in  this  picture  is 
85  fim. 

Figure  5  shows  a  closeup  view  of  one  of  the 
thermoelements  of  an  RMS  converter.  The  polysilicon 
heater  is  visible  at  the  tip  of  the  element. 


Figure  5:  SEM  showing  a  close-up  view  of  an  RMS 
converter  thermoelement. 


MICROMACHINED  BANDGAP  REFERENCE 
One  of  the  other  applications  of  thermally  isolated  single 
crystal  silicon  is  to  build  circuits  that  can  be  regulated  at  a 
constant  temperature  with  very  little  power.  A  type  of 
circuit  that  benefits  from  temperature  regulation  is  the 
voltage  reference.  Voltage  references  provide  a  fixed  output 
voltage  that  is  designed  to  vary  as  little  as  possible  with 
ambient  temperature.  Even  the  best  voltage  references  still 
exhibit  a  certain  amount  of  output  voltage  drift  with 
temperature.  To  further  improve  the  temperature  stability, 
the  reference  can  be  maintained  at  a  fixed  temperature. 


This  has  been  implemented  in  the  past  by  heating  the 
entire  substrate  of  a  reference  chip.  >^Tiile  this  has 
provided  references  with  very  low  drift  (tenths  of  parts-per- 
million  per  degree)  [15]  the  main  drawbacks  are  high  power 
dissipation  (several  hundreds  of  mW)  due  to  low  thermal 
resistance  and  the  slow  warrn-up  time  (several  seconds) 
due  to  large  thermal  capacitances. 

Both  these  drawbacks  were  eliminated  by  using 
the  electrochemical  etch  technique  described  above  to 
realize  a  thermally  isolated  bandgap  voltage  reference  by 
creating  a  suspended  reference  core  through  underetching  n- 
wells  in  a  CMOS  process  [16].  A  schematic  of  the 
bandgap  circuit  is  shown  in  Fig.  6.  The  shaded  areas 
indicate  devices  inside  thermally  isolated  n-wells.  The  ratio 
of  the  transistor  emitter  areas  is  2:1,  which  was  chosen  to 
limit  the  area  of  the  devices.  A  servo  amplifier  adjusts  the 
reference  voltage  such  that  the  currents  in  the  two  branches 
of  the  Brokaw  cell  are  equal,  thus  generating  the  bandgap 
voltage  output  given  by 

Vref  =  Vbej  +  2-^-Vj.-ln(2)  (3) 

^2 


+3V 


Figure  6:  Schematic  of  the  bandgap  reference.  The 
shaded  areas  indicate  thermally  isolated  devices.  Ri  and 
R2  are  implemented  as  polysilicon  resistors  on  the 
suspended  element 

The  two  resistors,  Ri  (5.9kQ)  and  R2  (360  £2)  are 
constructed  in  poiysilicon,  and  laid  out  in  unit  cells  for 
optimal  matching. 

A  PMOS  transistor  connected  between  the 
positive  supply  and  ground  functions  as  a  voltage- 
controlled  heater.  A  transistor  was  chosen  over  a  diffused 
resistor  to  improve  the  overall  power  efficiency.  With  a 
heating  transistor,  all  of  the  power  is  delivered  to  the 
element,  while  the  transistor  driving  a  heating  resistor 
would  dissipate  a  significant  amount  of  wasted  power. 
Since  the  total  current  in  a  Brokaw  cell  is  proportional  to 
absolute  temperature  (PTAT),  the  voltage  across  the  lower 
resistor  Rj  is  used  as  a  temperature  signal.  This  voltage  is 
servoed  to  a  nominally  constant  reference  voltage,  which  is 
a  the  bandgap  output,  scaled  by  the  voltage  divider  formed 
by  R3  and  R4. 
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Fig.  7  shows  an  SEM  of  an  etched  bandgap 
reference.  The  thermal  resistance  of  the  micromachined 
bandgap  reference  was  measured  to  be  53,000  "C/W.  A 
typical  heated-substrate  reference  has  a  package  resistance 
of  200  *C/W.  The  higher  isolation  is  due  to  the  excellent 
insulation  properties  of  the  thin  support  beams.  The 
thermal  time  constant  of  the  structure  was  measured  to  be 
2.5  ms  which  is  two  orders  of  magnitude  faster  than 
previous  heated  references.  These  characteristics  lead  to 
significant  reductions  in  heater  power  and  warm-up  time. 

The  output  voltage  drift  was  measured  from  0*C 
to  80"C  with  the  heater  off  and  with  the  heater  regulating 
the  temperature  at  90’C.  The  unregulated  temperature 
coefficient  was  400  ppm/^C.  With  closed  loop  temperature 
control,  the  temperature  coefficient  dropped  to  9  ppm/*C, 
The  remaining  temperature  drift  is  most  likely  due  to  small 
thermal  gradients  across  critical  devices.  Further  study  into 
reducing  the  effects  of  these  gradients  is  currently  under 
way. 


Figure  7:  SEM  of  a  micromachined  bandgap  reference. 


A  concern  with  a  suspended  device  such  as  the 
RMS  converter  and  the  bandgap  reference  is  that  they 
might  break  due  to  a  mechanical  shock.  The  silicon  at  the 
tip  of  the  bandgap  reference  weighs  only  0.15  micrograms, 
however,  so  the  3.1  |xm  thick  oxide  beams  are  strong 
enough  to  make  the  device  quite  robust.  Several  devices 
were  tested  on  a  shock  tester  and  exposed  to  shocks  of  up 
to  1500  g  (150  ps  half-magnitude  duration),  which  did  not 
produce  any  electrically  or  visually  observable  adverse 
effects.  This  level  of  shock  tolerance  meets  military 
specifications  (MIL-STD-883,  Method  2002),  and  is 
sufficient  for  normal  handling. 

CONCLUSION  AND  OUTLOOK 
We  have  demonstrated  a  new  method  for  the  fabrication  of 
thermally  isolated  single  crystal  silicon  structures  in  a 
completely  unmodified  CMOS  process.  Different  types  of 
devices  can  be  integrated  on  this  thermally  isolated  silicon, 
making  it  possible  to  create  circuitry  that  is  separated  from 
the  silicon  substrate  by  an  etched  cavity. 


Since  the  technique  requires  no  extra  masking 
steps,  and  the  equipment  necessary  for  the  postprocessing 
step  is  inexpensive,  these  types  of  devices  are  within  the 
capabilities  of  anyone  with  access  to  an  industrial  or 
foundry  CMOS  process.  Since  amplification  and  control 
circuitry  is  readily  integrated  with  the  microstructures, 
fully  monolithic  systems  can  be  realized. 

Our  future  work  will  focus  on  improving  the 
performance  of  the  RMS  converter  and  the  bandgap 
reference,  and  the  realization  of  a  thermal  conductivity 
vacuum  sensor. 
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To  produce  miniaturized,  low  power  sensors  without  loss  of  sensitivity,  novel 
transducer  technologies  are  often  necessary.  This  is  the  case  with  the  development  of 
miniature,  highly  sensitive  magnetometers.  Although  SQUID  technology  provides  the 
most  sensitive  measurement,  SQUTDs  also  require  additional  power  for  cooling.  Iri  this 
paper,  the  development  of  a  /t-magnetometer  based  on  electron  tunneling  is  described. 
Electron  tunneling  provides  inA  sensitivity  to  displacement  while  requiring  very  small  ac¬ 
tive  areas.  The  purpose  of  this  work  is  to  develop  a  3-axis  magnetometer  which  can  be  in¬ 
tegrated  into  a  micro-spacecraft  to  measure  magnetic  fields  on  the  order  of  a  nT.  The 
magnetometer  must  be  small  and  r^uire  very  little  power.  For  dual-use  pu^oses,  the 
magnetometer  must  also  be  inexpensive,  reliable,  insensitive  to  temperature  variations,  ^d 
provide  a  wide  dynamic  range.  The  tunneling  ;t-magnetometer  offers  a  unique  combination 
of  advantages  including  high  sensitivity  (~10’9  Tesla),  vector  sensitivity,  wide  bandwidth 
(>  10  kHz),  low  power  (<100  mW),  small  size  (4mm  X  4mm  X  0.6mm),  robustness, 
wide  dynamic  range  (>100  dB),  and  small  temperature  coefficients. 

Prototype  devices  have  been  desired,  fabricated  using  bulk  micromachimng  tech¬ 
niques,  and  characterized.  A  cross-section  of  the  tunneling  ^-magnetometer  is  shown 
schematically  in  Figure  1.  The  device  consists  of  two  silicon  components:  a  silicon  sub¬ 
strate  which  supports  an  electron  tunneling  tip  and  a  deflection  electrode,  and  2)  a  mem¬ 
brane  which  supports  a  counter  deflection  electrode  ^d  a  coil  of  wire  on  either  side  of  the 
membrane.  A  scanning  electron  micrograph  of  a  tj^ical  electron  tunneling  tip  is  shown  in 
Figure  2.  The  electron  tip  is  ~30  |im  high  and  is  micromachined  in  the  center  of  a  3.5  mm 
X  3.5  mm  well. 

The  principle  of  operation  of  the  tunneling  ju-magnetometer  is  based  on  a  Lorentz 
force  measurement.  The  wire  coil  supported  by  the  membrane  is  positioned  such  that  the 
wire  segments  supported  by  the  membrane  are  straight  line  segments.  A  current  through 
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the  wire  coil  produces  a  Lorentz  force  F  which  is  proportional  to  nLIBsinO,  where  n  is  the 
number  of  loops  in  the  coil,  L  is  the  length  of  the  wire  segment  supported  by  the  mem¬ 
brane,  I  is  the  bias  current  through  the  wire  coil,  B  is  the  magnetic  field,  and  9  is  the  angle 
between  the  magnetic  field  vector  and  the  wire  segments.  This  force  is  monitored  by  the 
electron  tunneling  transducer  which  is  capable  of  detecting  mA  of  deflection.  The  bias  cur¬ 
rent  frequency  can  be  adjusted  for  operation  at  ~1  kHz  where  the  1/f  noise,  inherent  in  the 
tunneling  transducer,  is  reduced.  The  electronics  which  drive  the  tunneling  transducer  are 
shown  in  Figure  3.  A  feedback  loop  is  closed  around  the  electron  tunneling  tip  and  deflec¬ 
tion  electrodes  to  produce  a  force-rebalance  mechanism.  Therefore,  once  tiie  membrane  is 
brought  to  within  the  proper  distance  for  electron  tunneling  to  occur  (~10A),  the  membr^e 
does  not  move.  The  output  of  the  comparator  is  the  Lxirentz  force  measurement.  Wide 
bandwidth  (>10  kHz)  and  wide  dynamic  range  (>100  dB)  are  typical  in  this  tunneling 
transducer  design. 

A  prototype  tunneling  |i-magnetometer  has  been  fabricated  and  characterized. 
Linear  response  to  both  increasing  magnetic  field  and  to  drive  current  have  been  demon¬ 
strated  and  are  shown  in  Figures  4  and  5,  respectively.  In  these  figmes,  Vt  is  the  electron 
tunneling  voltage  monitored  at  the  output  of  the  comparator  as  described  above.  Minimum 
detectable  magnetic  fields  in  these  devices  have  been  measured  at  ~  8)iT/VHz  for  a  single 
wire  coil  (n=l)  and  a  bias  of  10  mA  at  2(X)  Hz.  This  is  within  a  factor  of  2  of  the  theoreti¬ 
cal  value  for  this  structure.  Development  of  optimized  structures  are  underway  to  increase 
sensitivity  to  the  nT/VHz  range,  to  improve  device  packaging  and  to  demonstrate  flight 
readiness. 

The  research  described  in  this  paper  was  performed  by  the  Center  for  Space 
Microelectronics  Technology,  Jet  Propulsion  Laboratory,  California  Institute  of 
Technology,  and  was  jointly  sponsored  by  Eaton  Coiporation  and  the  National  Aeronautics 
and  Space  Administration,  Office  of  Space  Access  and  Technology. 
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Deflection  Electrode 


Figure  1.  Schematic  of  electron  tunneling 
|X-magnetometer.  A  magnetic  field,  B, 
perpendicular  to  the  current,  lac, 
produces  a  Lorentz  force,  F,  which  is 
monitored  by  the  electron  tunneling 
transducer. 
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Figure  4.  Tunneling  (i-magnetometer 
response  to  increasing  magnetic  field. 
Bias  current  in  the  device  is  10  mA  at  200 
Hz. 


Figure  2.  Scanning  electron  micrograph 
of  a  bulk  silicon  micromachined  electron 
tunneling  tip  used  in  the  design  of  the 
tuimeling  |i-magnetometer 
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Figures.  Feedback  control  loop  for  the 
electron  tunneling  transducer. 
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Figure  5.  Tunneling  pi-magnetometer 
response  to  increasing  bias  current.  The 
magnetic  field  is  -1.5  mT  at  50  Hz. 
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Abst.  .  ::t 

A  membrane  micropump  with  integrated  driving  component  based  on  bi-metal 
structure  was  first  fabricated  using  advanced  silicon  micro-machining  techniques.  The 
processings  and  materials  used  were  fully  compatible  to  standard  VLSI  fabrication 
technology.  The  micropump  consists  of  three  silicon  chips  which  form  two  passive 
check  valves  and  a  pump  membrane.  The  outer  dimensions  of  the  micropump  was  6  x 
6  X  1  mm^  The  membrane  itself  has  an  area  of  4  x  4  mm^  at  a  thickness  of  20  |Xm.  The 
orifice  size  of  the  valves  is  400  x  400  pm^.  The  movable  flaps  have  a  size  of  1  mm  xl 
mm  X  10  pm.  The  volume  stroke  of  the  membrane  is  in  the  range  between  0.4  p/  and 
0.7  pZ.  A  pumping  yield  of  40  pZ  /  min  was  measured  with  a  pumping  frequency  of  1 
Hz  and  driving  voltage  of  10^'.  At  present  the  performance  of  our  micropump  is 
simihir  to  microj  um. -s  develc  d  previou  Iv,  bi  operating  at  much  lower  driving 
voltage. 


I.  INTRODUCTION  : 

Among  membrane  micropumps  developed  so  far,  the  driving  component  is  the 
most  important  part  to  be  addressed.  Signal  conversion  from  electrical  to  mechanical 
range  in  silicon  devices  is  generally  complicated  due  to  the  fact  that  silicon  itself  does 
not  exhibit  any  piezoelectric  effect.  Up  to  now,  various  methods  for  signal  conversion 
have  been  tried  such  as  via  electrostatic  attraction,  magnetic  effect,  thermopneumatic 
actuation,  or  by  introducing  piezodisc  [1,2,3,4,5,6].  The  above-mentioned  techniques, 
however,  are  either  too  complicated  to  be  integrated,  requiring  very  high  driving 
voltages  with  low  driving  force,  large  power  consumption,  or  incompatible  to  VLSI 
fabrication  technology. 

The  driving  component  of  the  proposed  micropump  was  designed  based  on  the 
"bi-metal  effect"  which  can  provide  strong  driving  force  and  distinct  vertical 
displacement.  Bi-metal  effect  was  caused  by  differences  of  thermal  expansion 
coefficients  of  materials  in  a  sandwich  structure.  When  heated,  the  structure  will 
deflect,  providing  driving  force  and  causing  displacement.  Bi-metal  structure  has  two 
main  features:  1)  it  can  achieve  large  displacement  in  vertical  movement 
symmetrically  and  ,  2)  the  deflection  is  directly  coupled  with  the  dissipated  electrical 
power  and,  therefore,  the  actuator  can  be  operated  at  standard  microelectronics 
voltage  levels.  Moreover,  the  fabrication  of  the  driving  component  based  on  bimetal 
structure  is  fully  compatible  to  standard  CMOS  processings  which  can  be  batch 
processed  at  low  cost. 
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11.  THE  DESIGN  AND  FABRICATION  OF  THE  PUMP  : 


The  bi-metal  actuated  membrane  pump,  as  depicted  in  Figure  1,  consists  of  3 
micro-machined  silicon  chips  :  a  membrane  chip  with  the  bi-metal  driving  component 
fabricated  on  top  and  two  identical  valve  chips.  Stacking  of  two  valve  chips 
symmetrically  forms  the  inlet  and  outlet  valves.  The  volume  between  the  membrane 
and  the  passive  check  valves  is  the  pump  chamber.  The  orifice  size  of  the  valves  is 
400  X  400  jim".  The  movable  flaps  have  a  size  of  1  mm  x  1  mm  x  10  |xm.  The  SEM 
micrograph  of  the  valve  is  shown  in  Figure  2.  The  driving  component,  fabricated  in 
between  the  silicon  nembrane  and  the  aluminum  film,  consists  of  Poly-Si  heating 
resistor  encapsulated  by  SiO^  film  for  isolation.  Ur  or.  :  'lyii:  a  driving  signal,  the 
poly-Si  resistor  will  heat  the  Si-Al  bi-meti '  membrai:.;.  Uecauae  of  the  difference  of 
the  thermal  expansion  coefficients,  the  whcle  membrane  will  deflect  distinctly.  As  a 
result,  pressure  difference  inside  and  outside  the  micropump  is  created.  Thus  the  fluid 
is  pulled  in  and  pushed  out  of  the  micropump  under  alternative  driving  signals. 

All  chips  used  are  n-type  doped,  100-oriented  with  resistivities  between  2  to  4 
ohm-cm.  For  processing  the  two  valve  chips,  the  most  difficult  part  is  the  formation  of 
the  thin  movable  flap  at  a  thickness  of  -  10  |im.  Using  Si3N4  (200  nm  thick  with 
refractive  index  ~2.0)  as  the  etching  mask,  anisotropic  etching  in  aqueous  KOH  (35%, 
75°C)  was  conducted  at  a  rate  of  0.75  |im  /  min  for  etching  of  the  orifice  and  the 
movable  flap. 

For  processing  the  membrane  chip  with  the  bi-r.;eti.i  driver,  500  nm  thick  LPCVD 
poly  was  deposited  and  etched  lo  form  the  serpentile  poly  Si  resistor.  LPCVD  Si3N4 
was  then  deposited  as  an  insulating  spacer  and  etched  for  metal  contact  holes. 
Aluminum  was  then  sputtered  and  etched  to  wire  the  resistor  as  well  as  to  form  the  top 
layer  of  the  bi-metal  structure.  After  the  formation  of  the  bi-metal  driver  on  top,  the 
back  side  of  the  wafer  was  then  masked  and  etched  to  form  the  membrane.  After 
processing  of  the  valve  chips  and  the  membrane  chip,  assembling  of  the  first  prototype 
micro  pump  took  place  by  sticking  the  three  chips  together  with  epoxy. 

HI.  RESULTS  AND  CONCLUSION  : 

Figure  3  illustrates  the  measurement  setup.  The  volume  stroke  of  the  membrane  is 
in  the  range  between  0.4  fiZ  and  0.7  (x/.  A  pumping  yield  of  40  j.i/  /  min  was  measured 
with  a  pumping  frequency  of  1  Hz  and  driving  voltage  of  lOV.  At  present  the 
performance  of  our  micropump  is  similar  to  micropumps  developed  previously,  but 
operating  at  much  lower  driving  voltage.  Optimization  of  the  processings  are 
underway  and  dramatic  improvement  in  the  performance  of  the  pumping  speed  is 
expected. 
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Introduction 

Micro  electro  mechanical  systems  or  MEMS  encompass  two  broad  areas:  sensors  and  actuators.  Both  areas 
are  concerned  with  component  dimensions  unda:  one  millimeter  with  features  as  small  as  a  few  microns. 
Progress  in  the  microactuator  area,  however,  has  lagged  that  of  the  microsensor  field  which  is  a  result  that 
stems  firom  the  differences  in  requirements  of  the  two  areas.  Ideally,  a  sensor  does  not  affect  the 
environment  which  it  is  sensing  -  an  attribute  which  micromachined  sensors  exploit  due  to  their  small  size. 
Process  technologies  based  on  thin  films  are  therefore  appropriate.  Useful  microactuators,  on  the  other 
hand,  are  required  to  do  work  on  their  environment  and  thus  are  volume  dependent  devices.  In  addition, 
maintaining  a  batch  processing  mode  is  desired  in  order  to  minimize  production  cost.  Such  a  constraint 
implies  photoresist  processing  on  a  planar  substrate  to  produce  prismatic  components.  To  achieve  large 
actuator  volume  changes  per  unit  substrate  area,  therefore,  requires  correspondingly  large  structural  heights 
normal  to  the  substrate.  This  requirement  is  a  major  reason  for  the  activity  in  high  aspect  ratio  processing 
technology  [1,2]. 

Achieving  high  aspect  ratio  micromechanical  components  is  fiirther  complicated  by  tolerance  requirements. 
Component  and  intercomponent  dimensional  accuracies  of  the  order  of  1  part  in  10^  which  are  achievable  for 
serially  produced  precision  machined  components  translate  to  tolerances  well  into  the  submicron  range  for 
microscale  components.  Alleviating  friction  at  this  scale  also  points  to  the  availability  of  a  large  variety  of 
materials  which  preferably  also  provides  for  magnetic  materials. 

The  above  process  requirements  are  accommodated  by  an  extension  of  the  German  UGA  process  which  has 
been  pursued  at  the  University  of  Wisconsin  -  Madison  under  Prof.  H.  Guckel  [3].  LIGA,  a  German 
acronym  representing  the  processes  of  deep  x-ray  lithography,  electroforming,  and  injection  molding  was 
first  described  in  the  early  1980’s  by  Prof.  W.  Ehrfeld  while  at  the  Karlsruhe  Research  Center  in  Karlsruhe, 
Germany  [4].  The  x-ray  source  is  synchrotron  radiation  generated  by  an  electron  storage  ring  which  has  the 
properties  of  high  collimation,  high  intensity,  and  wavelengths  with  large  absorption  length  into  an  x-ray 
sensitive  photoresist,  typically  poly  methyl  methacrylate  (PMMA).  Such  an  exposure  source  has  yielded 
prismatic  structures  with  up  to  10  cm  thickness  [5]  and  vertical  flank  run-out  of  less  than  0.1  pm  per  100 
pm  of  structural  height.  The  exposed  photoresist  is  developed  in  order  to  provide  a  mold  for 
electroforming.  The  resulting  metal  components  may  then  be  replicated  via  injection  molding  independent 
of  the  need  for  a  storage  ring  x-ray  source  and  is  demanded  by  the  requirement  for  cost-effectiveness. 


X-Ray  Assisted  Micro-Fabrication 

A  primary  technical  difficulty  in  high  aspect-ratio  photolithography  based  processing  lies  with  establishing 
sufficiently  thick  photoresist.  The  LIGA  process  requires  this  thick  photoresist  layer  to  be  applied  to  a 
substrate  covered  with  a  suitable  plating  base.  Standard  photoresist  spinning  is  not  practical  at  millimeter 
thicknesses  and  direct  polymerization  leads  to  large  built-in  strain.  An  application  method  using  room 
temperature  solvent  bonding  of  high-purity  pre-cast  PMMA  sheet  typically  one  millimeter  thick  was 
therefore  adopted  which  allows  for  practically  unlimited  thickness  strain-free  photoresist  application  [6]. 
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Additional  benefits  of  this  photoresist  application  technique  include  the  ability  to  use  the  photoresist  as  a 
mechanically  stable  material  for  multiple  layer  processing  as  well  as  for  plastic  mechanical  parts. 

Patterning  of  the  resulting  photoresist  layer  is  provided  for  with  a  suitable  x-ray  mask  which  is  composed 
of  a  low  x-ray  absorbing  carrier  such  as  silicon  that  supports  an  absorbing  pattern,  typically  gold. 
Exposure  depth  and  time  is  dependent  on  the  particular  storage  ring.  The  majority  of  components  to  date 
have  used  component  thickness  near  the  200  pm  range  and  are  limited  by  low  energy  storage  rings.  In  order 
to  achieve  exposure  depths  of  the  (xder  of  1  cm,  x-ray  photon  energies  of  20  keV  are  required  as  aie 
available  from  a  source  such  as  the  2.5  GeV  National  Synchrotron  Light  Source  at  Brookhaven  National 
Laboratory.  Estimates  on  exposure  cost  approach  $0.10  per  square  centimeter  for  such  high  energy 
exposures  and  provide  an  alternative  to  injection  molding  for  achieving  cost  effectiveness. 

Following  exposure,  a  highly  selective  developer  is  used  to  remove  the  exposed  photoresist  areas  and 
expose  the  plating  base  layer.  A  variety  of  metals  including  alloys  may  subsequently  be  electroplated.  A 
release  procedure  results  in  free  components  such  as  shown  in  Fig.  1. 


Fig.  1  Released  electroformed  nickel  gears  patterned 
via  deep  x-  ray  lithography.  The  gear  thickness  is 
100  pm  and  the  gear  tooth  width  is  nominally  5 
pm. 


Fig.  2  Assembled  nickel  rotor  on  shaft.  The 
difference  in  shaft  and  rotor  inner  diameter  is  0.5 
pm.  Structure  height  is  100  pm. 


The  availability  of  free  components  makes  possible  the  ability  to  use  assembly  to  achieve  more  three- 
dimensional  structures  as  are  commonly  encountered  in  actuators.  Achieving  sub-micron  gaps  directly  in  a 
journal  bearing,  for  example,  is  not  feasible  with  photoresist  technology  at  these  extreme  aspect  ratios. 
Assembly  techniques,  however,  may  be  used  to  assemble  separately  fabricated  components  with  submicron 
biased  dimensions.  Fig.  2  demonstrates  this.  The  high  degree  of  fabrication  repeatability  also  lends  itself 
to  part  interchangeability. 
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A  further  attribute  of  LIGA  based  processing  is  that  it  is  a  low-temperature  process  and  is  therefore 
amenable  to  post  fabrication  on  a  microelectronics  processed  substrate.  Integrated  position  sensing  and 
drive  electronics  are  thus  readily  possible,  thereby  facilitating  system  integration.  Such  integration  has 
been  demonstrated  by  using  integrated  silicon  photodiode  shaft  encoders  to  sense  real  time  dynamics  of 
magnetic  micromotors  rotating  at  150,000  rpm. 

Magnetic  Microactuators 

Dominant  application  areas  for  microactuators  and  coupled  micromechanisms  such  as  microrelays  and 
micropositioners  require  output  forces  in  the  1  milliNewton  range  with  travel  of  at  least  300  microns  at 
power  dissipation  levels  in  the  milliWatt  range.  This  guideline  has  been  used  to  develop  generic  linear  and 
rotary  microactuators  based  on  deep  x-ray  lithography  processing.  An  actuation  means  with  the  greatest 
ultimate  energy  density  is  desired.  Among  the  possible  forms  this  means  may  take  in  a  micro-scaled 
actuator,  ultimate  energy  density  increases  from  electric  to  magnetic  to  pneumatic  drive.  Fabrication 
complexity,  unfortunately,  also  increases  in  a  corresponding  manner.  Pneumatics  requires  tubes  which  are 
now  just  being  realized.  Electric  drives  suffer  most  notably  from  low  energy  densities  aixi  high  voltages. 
Magnetic  drives  are  directly  suitable  for  system  integration  due  to  the  low  driving  point  impedance  of  a  coil. 

Magnetic  drives  may  be  implemented  if  two  fundamental  components  can  be  accommodated.  A  soft 
ferromagnetic  material  and  suitable  coil  must  be  realized.  Further  possibilities  arise  if  a  permanent  magnet 
material  could  be  implemented.  A  soft  magnetic  material  has  been  provided  with  electroplated  78/22  nickel- 
iron  or  78  Permalloy.  The  as-electroplated  magnetic  properties  of  this  material  include  an  initial 
permeability  of  2000  and  saturation  flux  density  of  1.0  Tesla  which  is  sufficient  for  variable  reluctance 
actuation.  Micro-coil  fabrication  has  evolved  to  a  stage  to  utilize  automatic  coil  winding  technology. 
Magnetic  core  preforms  are  made  via  deep  x-ray  lithography  which  can  accept  several  hundred  turns  of  50 
AWG  magnet  wire.  The  resulting  coil  is  inserted  with  spring  loaded  tabs  as  shown  in  Fig.  3. 

Fig.  3  shows  a  magnetic  linear  actuator  fabricated  by  deep  x-ray  lithography.  The  thickness  of  material  is 
150  pm  which  yields  a  maximum  output  force  of  1  milliNewton.  Travel  of  450|Lim  is  possible  and 
position  is  sensed  through  an  inductance  change  of  1  microHenry  po"  micron  of  motion.  Resonant 
operation  with  200  pm  amplitude  is  sustained  with  200  microWatt  power  dissipation. 

Fig.  4  shows  the  result  for  a  rotational  device.  A  three-phase  variable  reluctance  stepping  motor  is  shown 
coupled  to  a  planar  gear  train  which  operates  into  a  single  phase  electromagnetic  brake.  Electrical  control  of 
a  mechanical  load  is  therefore  provided  which  allows  dynamometry  measurements  to  be  performed.  Such 
measurements  indicate  output  torque  near  1  microNewton-meter  with  maximum  output  power  of  20 
microwatts. 


Conclusions 

Deep  x-ray  lithography  based  fabrication  provides  a  means  to  fabricate  microactuators  with  useful  output 
forces.  High  energy  x-ray  exposure  provides  a  tool  for  fabrication  of  the  next  generation  of  precision 
engineered  components.  Device  characterization,  materials  science,  an  metrology  continue  to  pose 
challenges  at  this  scale. 
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Fig.  3  Linear  magnetic  microactuator  with  SO^tm 
thick  assembled  Permalloy  spring  and  plunger,  150 
pm  thick  Permalloy  magnetic  circuit  and  400  turn 
coil. 


Fig.  4.  Variable  reluctance  stepping 
microdynamometer  system  with  driving  rotor 
radius  of  500  pm  and  150  pm  thickness.  A  75 
pm  radius  idler  gear  couples  the  rotor  to  a  300  pm 
radius  braking  gear. 
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ABSTRACT 

This  paper  reviews  the  application  of  silicon  micromachining  techniques  in  fabricating  biomedical 
microdevices.  The  main  emphasis  will  be  on  devices  developed  at  ie  University  of  Michigan  Center  for 
Integrated  Sensors  and  Circuits.  These  include:  intracortical  recording  and  stimulating  electrode  arrays,  a 
nerve  regeneration  sieve  electrode,  and  a  telemetry  based  microstimulator  for  stimulating  denervated  muscle 
groups  in  paraplegic  and  quadriplegic  patients.  These  examples  demonstrate  the  ability  to  fabricate  high 
performance  miniature  devices  using  silicon  micromachining  and  microfabrication  techniques. 

INTRODUCTION 

Advances  in  biomedical  sciences  have  mostly  been  due  to  our  technological  ability  in  obtaining 
meaningful  information  from  biological  systems.  These  systems  are  very  complicated  and  are  the  result  of 
millions  of  years  of  evolutionary  forces  and  even  our  most  advanced  computing  systems  are  dwarfed 
compared  to  the  complexity  of  human  brain.  Of  the  most  recent  exciting  teclmologic^  developments  that 
have  found  immediate  applications  in  the  biomedical  area  are:  various  imaging  systems  like  computed 
tomography  (CT)  magnetic  resonance  and  ultrasound,  applied  neural  control  systems  for  functional 
neuromuscular  stimulation,  and  interventional  and  implantable  systems  like  cardiac  pacemakers, 
implantable  defibrillators,  infusion  pumps,  and  implantable  sensors  [1].  In  this  paper  we  discuss  the 
application  of  microelectronics  technology  and  silicon  micromachining  in  fabricating  implantable 
biomedical  devices.  These  devices  for  the  most  part  are  used  as  sensors  to  obtain  information  regarding 
physical  and  chemical  parameters  within  biological  systems  and  in  some  2q)plications  in  applied  neur^ 
control  systems  as  recording  or  stimulating  electrode  to  interface  with  the  nervous  system. 

Biomedical  sensors  serve  as  an  interface  between  living  and  electronic  systems.  The  interaction 
between  the  sensor  and'  biological  system  is  in  both  directions,  i.e.,  in  order  to  faithfully  measure  the 
desired  physical  or  chemical  parameter  the  sensor  should  not  disturb  the  system  in  which  it  is  located  and 
simultaneously  it  must  also  be  protected  from  the  deleterious  interactions  with  the  biological  system. 
Miniaturization  can  reduce  the  disturbing  effect  of  the  sensor  on  the  measurement  system  since  in  biological 
environments  one  has  often  a  limited  anatomical  space  in  which  the  device  must  reside  and  take  the 
measurement.  Biocompatible  materials  can  be  used  in  fabricating  inq)lantable  sensors  in  order  to  reduce  the 
unwanted  attack  of  the  living  system  on  the  sensor. 

Recent  advances  in  microelectronics  technology  and  silicon  micromachining  have  provided  a  strong 
tool  in  fabricating  miniature  sensors  for  biological  applications.  Biomedical  sensors  have  traditionally  been 
fabricated  using  standard  machining  techniques  and  piece  by  piece  individual  assembly.  These  usually 
resulted  in  bulky  devices  that  were  expensive  and  could  only  be  produced  in  small  quantities. 
Microelectronics  techniques  and  micromachining,  however,  can  produce  miniature  devices  in  large  quantities 
at  a  low  price.  During  the  last  fifteen  years  we  have  developed  a  number  of  biomedical  microdevices  at  the 
University  of  Michigan.  After  a  brief  review  of  the  silicon  micromachining  techniques  several  devices, 
including:  recording  and  stimulating  intracortical  electrode  arrays,  a  nerve  regeneration  sieve  electrode  and  a 
microstimulator  for  muscular  stimulation  will  be  reviewed. 

SILICON  MICROMACHINING 

Silicon  micromachining  is  defined  as  the  selective  precision  etching  of  the  silicon  substrate  [2]. 
This  technique  is  an  offspring  of  the  integrated  circuit  process  technology  which  has  been  most  successfully 
used  in  fabricating  microsensors.  Development  of  beam-lead  process  for  the  integrated  circuits  marks  the 
beginning  of  the  micromachining  era  [3].  Following  this  work  anisotropic  silicon  etchants  (e.g.. 
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potassium  hydroxide  KOH  [4],  Hydrazine  [5],  and  ethylene  diamine  pyrocatechol  EDP  [6])  were  developed 
to  supplement  the  existing  isotropic  etchants  (normally  HF  in  combination  with  HNO3).  The  anisotropic 
etchants  have  higher  etch  rates  in  specific  crystallographic  directions,  for  example  KOH  attacks  <1(K)>  and 
<110>  directions  faster  than  <11 1>.  This  enables  one  to  create  V-shaped  grooves  in  (100)  silicon,  EDP 
has  another  useful  property  and  that  is  its  dopant  dependent  etch  rate.  Heavily  doped  silicon  areas  (doping 
>  5  X  10^^  cm“^)  are  not  etched  away  in  EDP.  This  enables  the  designer  to  control  the  vertical  etch 
dimensions  to  better  than  1  |im.  A  new  technique  for  controlling  the  vertical  etch  dimensions  without 
introducing  high  dopant  concentrations  in  silicon  ^(this  concentration  is  too  high  to  allow  for  fabricating 
electronic  devices  in  these  regions)  is  the  electrochemical  etch  stop  [7].  This  method  uses  ^plied  bias  to  a 
p-n  junction  (usually  n  epitaxial  layer  grown  on  the  p  substrate)  to  etch  the  p  region  in  KOH  or  EDP 
solution,  the  etch  stops  once  the  p  substrate  is  etched.  The  recent  developments  in  dry  etching  of  silicon 
and  other  thin  film  materials  (silicon  dioxide,  silicon  nitride,  polysilicon  and  polyimide)  have  added  new 
tools  to  micromachining  armament. 

The  aforementioned  micromachining  techniques  use  bulk  silicon  as  a  starting  material  (for  this 
reason  it  is  called  bulk  micromachining  technique)  and  the  final  structure  is  produces  by  etching  silicon  to 
produce  membranes  (for  pressure  sensors),  proof  mass  (for  accelerometers),  or  various  other  structures. 
Another  micromachining  technique  uses  a  sacrificial  layer  (this  can  be  polysilicon,  silicon  oxide,  or  low 
temperature  oxide  LTO)  which  is  subsequently  covered  by  a  layer  of  polysiHcon  or  silicon  nitride  or  other 
material  of  interest  The  initial  sacrificial  layer  is  then  etched  away  leaving  free  standing  structure  like 
diaphragms  or  cantilever  beams.  This  technique  is  called  surface  micromachining  and  can  produce  movable 
parts  on  silicon  substrates  with  less  than  1  pm  gap.  Although  surface  micromachining  can  yield  smaller 
devices  than  bulk  micromachining,  stress  in  deposited  films  should  be  annealed  and  can  limit  the  scaling  of 
the  devices  [8]. 

RECORDING  AND  STIMULATING  ELECTRODE  ARRAY 

Recording  electrical  activity  of  the  neurons  in  the  central  nervous  system  is  a  powerful  tool  in 
understanding  the  brain  function.  In  addition  the  ability  to  stimulate  small  population  of  neurons  can  be 
used  to  restore  function  in  some  disabled  individuals  (e.g.,  cochlear  and  visual  prostheses).  Over  the  past 
few  years  we  have  developed  a  high-yield  batch  fabricated  techmque  based  on  silicon  micromachining  to 
fabricate  thin-film  recording  and  stimulating  electrodes  [9,10].  Figure  1  shows  the  structure  of  a 
multichannel  silicon  recording  microprobe.  The  recording  sites  are  located  along  the  shank  and  are 
connected  to  the  back  end  of  the  probe  with  polysilicon  conductor  lines  which  are  passivated  on  top  by 
dielectric  layers.  The  back  end  contains  the  bonding  pads  and  can  also  house  the  signal  processing  circuitry. 
The  whole  structure  is  defined  by  a  deep  boron  diffusion  step  which  produces  12-15  pm  thick  boron  areas  of 
the  shank  and  back  end.  At  the  final  step  the  devices  are  etched  in  EDP  which  as  mentioned  before  etches 
the  lightly  doped  substrate  and  stops  on  the  deep  boron  diffusion  areas.  Figure  2  shows  the  fabrication 
process  of  the  microprobes. 

A  NERVE  REGENERATION  SIEVE  ELECTRODE 

In  addition  to  the  penetrating  type  electrodes  described  in  the  previous  section,  the  silicon 
micromachining  technique  allows  us  to  fabricate  other  types  of  electrodes  as  well.  A  nerve  regeneration 
sieve  electrode  developed  in  our  group  during  the  past  couple  of  years  is  an  exan^)le  of  such  devices  [11]. 
This  electrode  is  used  to  study  nerve  regeneration  in  peripheral  nervous  system  by  allowing  the  severed  ends 
of  a  nerve  to  regrow  through  small  holes  micromachined  in  a  silicon  substrate.  Figure  3  shows  the 
structure  of  the  sieve  electrode.  It  consists  of  a  thick  silicon  rim  supporting  a  thin  (--3  pm)  silicon 
diaphragm  fabricated  by  a  shallow  boron  diffusion  step.  Small  holes  (diameter  =  5  pm)  are  produced  in  the 
thin  diaphragm  and  the  recording  site  is  made  of  iridium  and  has  an  area  of  -  100  pm^.  Silicon  integrated 
ribbon  cables  are  also  included  in  this  device  to  connect  the  electrode  end  of  the  device  to  the  back  end. 
These  ribbon  cables  are  fabricated  as  part  of  the  electrode  using  shallow  boron  diffusion  step  at  the  same 
time  with  the  diaphragm.  Figure  4  shows  a  photograph  of  a  sieve  electrode. 

A  TELEMETRY  BASED  MICROSTIMULATOR 

Hgure  5  shows  the  structure  of  a  telemetry  based  microstimulator  developed  [12,13].  This 
microdevice  is  only  2x2x10  mm^  and  can  be  injected  into  denervated  muscles  of  paraplegic  and  quadriplegic 
patients  using  a  gauge  10  hypodermic  needle.  It  consists  of  five  individual  elements:  a  micromachined 
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silicon  substrate;  a  silicon  IC  chip;  a  hybrid  capacitor  used  for  charge  storage  of  the  stimulation  pulse;  a 
hybrid  receiver  coil  for  power  and  data  reception;  and  a  custom  machined  glass  capsule.  The  silicon 
substrate  contains  a  reference  electrode  and  a  stimulating  electrode.  The  IC  chip  is  used  for  data  reception 
and  microstimulator  control  and  is  affixed  atop  the  silicon  substrate,  while  the  hybrid  cs^acitor  and  receiver 
coil  are  mounted  on  the  IC  chip.  Lastly,  a  hermetic  package  is  provided  for  the  microstimulator  circuitry 
and  hybrid  components  by  electrostatic  bonding  of  the  glass  capsule  to  the  silicon  substrate.  The 
stimulating  electrodes  are  outside  of  the  package  and  feedthroughs  are  used  to  connect  the  internal  electronics 
to  the  electrodes.  Power  and  data  are  transmitted  to  the  microstimulator  using  wireless  RF  telemetry,  and 
the  device  is  capable  of  delivering  a  constant  cunent  pulse  of  10  mA  for  durations  of  up  to  200  psec  into 
loads  of  <800  Q  ,  and  it  is  able  to  repeat  this  stimulation  at  a  rate  of  up  to  40  Hz.  Figure  6  shows  a 
photograph  of  the  microstimulator. 


CONCLUSION 

We  reviewed  the  application  of  silicon  micromachining  in  fabricating  biomedical  microdevices. 
We  used  three  devices  that  were  developed  in  our  laboratory  during  the  past  decade  as  a  vehicle  to 
demonstrate  the  attractive  features  of  micromachining  in  biological  applications.  These  devices  were  silicon 
intracortical  microprobes,  a  nerve  regeneration  sieve  electrode,  and  a  telemetry  based  microstimulator. 
Using  silicon  micromachining  technology  one  can  batch  fabricate  high  performance  miniature  devices  at  a 
low  cost  and  high  yield. 
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Figure  5:  Structure  of  a  single  channel  microstimulator. 


Figure  6  :  A  photograph  of  an  assembled 
microstimulator. 
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Abstract — ^An  active  matrix  of  amorphous  silicon  thin-film  transistors  and 
photodiodes  on  glass  are  used  to  make  a  lai^e  area  (10x8  sq.  in.)  imaging  array 
consisting  of  1920x1536  picture  elements.  This  page-sized  imager  can  be  used  for 
contact  imaging  of  documents  and  medical  imaging  at  a  resolution  of  200  spi. 
Design  of  hydrogenated  amorphous  and  polysilicon  thin-film  transistors  on  glass  is 
reviewed  in  this  paper  along  with  a  discussion  of  the  operation  of  the  amorphous 
silicon  array. 


1.  INTRODUCTION 

Similar  to  the  way  DRAM  technology  has  driven  semiconductor  processing,  the 
active-matrix  liquid  crystal  display  has  led  the  way  for  large-area,  low-temperature 
electronics  on  glass.  This  paper  will  discuss  the  basic  device  design  for  incorporating 
amorphous  silicon  (a-ShH)  and  polysUicon  (p-Si:H)  thin-film  transistors  (TFTs)  on  glass 
with  a  maximum  processing  temperature  of  350°C  using  laser  recrystallization.  a-Si:H 
TFTs  and  photodiodes  may  be  integrated  into  an  imaging  array.  Work  at  Xerox  PARC 
has  progressed  steadily  to  the  point  where  six  million  electronic  elements-three  million 
TFTs  and  three  million  photodiodes-can  be  integrated  onto  a  glass  substrate  8x10  square 
inches.  While  not  presently  capable  of  performing  advanced  signal  detection  and 
processing,  amorphous  silicon  transistors  are  ideal  for  switching  applications.  Laser- 
reciystallized  p-Si:H  has  fifty  times  the  mobility  and  might  be  used  for  higher  current 
applications. 

The  a-ShH  photodiode  array  is  a  full-page  scaimer  that  can  address  a  complete 
1920x1536  pkels  with  8  bits  of  gray  scale  at  10  frames  per  second.  Following  sections 
will  deal  cover  the  basics  of  amorphous  and  polysUicon  TFT  design,  the  imager  system 
design,  and  a  discussion  of  the  imager’s  performance  limits. 
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n.  AMORPHOUS  AND  POLYSILICON  TFTS. 

The  basic  strategy  in  building  a-Si:H  and  p-Si:H  transistors  on  tbe  same  substrate 
is  to  keep  the  process  of  the  two  as  similar  as  possible.  The  process  is  demonstrated  in 
Figure  1.  Gate  metal  and  gate  dielectric  are  first  deposited  on  the  glass  substrate.  The 
gate  dielectric  may  be  silicon  oxide,  nitride,  or  a  mixed  oxynitride  and  is  deposited  at 
350°C.  Intrinsic  a-Si:H  is  then  deposited  at  250°C  as  the  channel.  Until  this  point  both 
types  of  transistors  have  been  treated  identically.  A  mask  is  used  and  the  wafer  exposed 
to  a  308  nm  XeCl  excimer  laser.  Three  separate  exposures  are  done  with  increasing  pulse 
energy  to  avoid  ablating  the  film  or  creating  hydrogen  voids  [2].  After  the  amorphous 
silicon  has  crystallized,  a  hydrogen  plasma  is  used  to  re-hydrogenate  the  polysilicon 
channels.  A  passivation  oxide  or  oitride  is  then  deposited  and  processing  continues  with 
source  and  drain  deposition.  Figure  2  shows  curves  for  both  types  of  TFTs  on  the  same 
substrate.  Laser  recrystallized  p-Si:H  TFTs  may  have  extensive  application  in  replacing 
the  driver  circuitry  for  active  matrix  drivers. 

In  addition  to  TFTs,  amorphous  silicon  can  be  used  to  fabricate  photodiodes.  In 
the  imagers  that  will  be  the  subject  of  the  remainder  of  this  paper,  a-Si:H  TFTs  and 
photodiodes  are  fabricated  together  as  m  Figure  3. 


in.  SYSTEM  DESIGN  AND  PERFORMANCE 

Rgure  4  shows  the  basic  circuit  used  for  imaging.  The  gates  of  the  TFTs  are 
connected  to  a  shift  register  whose  output  swings  from  0  to  20  V.  When  the  gate  is  “on,” 
charge  firom  the  0.4  pF  photodiode  drains  onto  the  50- 100  pF  data  line.  This  charge  is 
detected  by  an  amplifier  and  sampled  onto  a  capacitor.  a-Si:H  is  a  very  good  switching 
element  for  matrix  addressing  because  of  its  very  high  (Teraohm)  “off’  resistance.  The 
leakage  charge  firom  1935  “off’  rows  must  be  considerably  less  than  the  signal  charge 
from  the  one  “on”  row  [2]. 

Because  the  quantum  efficiency  of  amorphous  silicon  photodiodes  is  around  80- 
90%  [3],  the  two  limits  on  the  efficiency  of  the  imager  are  fidl  factor  and  noise.  The  fill 
factor,  or  how  much  of  the  face  of  the  circuit  is  photosensitive,  reduces  the  number  of 
photons  that  may  be  converted  to  photocharge.  The  current  imager  has  a  fill  factor  of 
35%.  A  tightening  of  the  design  mles  or  a  lower  pitch  of  pixels  is  needed  to  improve  the 
fill  factor  further  [2]. 

Noise  governs  the  minimum  detectable  photocharge.  The  KTC  sampling  noise, 
which  is  a  consequence  of  the  sampled  photodiode  capacitance  is  290  electrons.  This 
gives  a  theoretical  detectable  illumination  of  the  order  of  100  pW/cm^.  However,  the 
large  capacitance  of  the  data  line  lowers  the  value  of  the  signal  by  100  so  that  read-out 
amplifier  noise  dominates  the  system.  Although  the  best  dynamic  range  for  a  5  V  bias  is 
10,000: 1  at  the  pixel,  the  amplifier  limited  dynamic  range  is  only  256: 1  in  the  present 
system.  Improvements  in  the  amplifier  are  possible  by  using  a  charge-sensitive 
configuration  and  a  noise  level  of  less  than  1000  electrons  appears  to  be  possible  with 
room-temperature  CMOS. 

Document  imaging  and  radiography  have  very  different  requirements.  Document 
imaging  frequently  emphasizes  spatial  resolution  and  requires  only  limited  dynamic  range. 
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200  spi  is  sufficient  for  facsimile  quality  resolution,  but  400  spi  or  greater  is  needed  for 
small  text  or  lines.  Typically  a  dynamic  range  of  16: 1  is  sufficient  to  capture  simple 
halftones.  Radiography  excluding  dental  x-rays  and  mammography  has  limited  need  for 
resolution.  One  system  limit  is  geometric  unsharpness  from  the  finite  x-ray  source  size. 
Another  is  the  smearing  of  the  x-ray  image  by  light-piping  in  the  scmtUlator.  200  spi 
appears  to  meet  the  requirements  in  this  case.  Because  of  pulse-to-pulse  fluctuations  in  the 
x-ray  source,  the  large  differences  in  x-ray  absorption  in  the  body,  and  the  need  to 
minimize  the  number  and  doses  of  patient  x-ray  exposures,  a  large  contrast  ratio  is  needed 
for  x-ray  detection,  typically  greater  than  256: 1.  New  readout  circuits  could  make  1024: 1 
possible.  At  this  level  the  imager  would  be  close  to  the  x-ray  shot  noise  limit  and  the 
patient  would  be  exposed  to  the  minimum  possible  x-ray  dose.  To  achieve  the  shot  noise 
limit,  gain  at  the  pixel  is  likely  to  be  needed.  p-Si:H  pixel  amplifiers  may  be  able  to 
achieve  the  shot  noise  limit 


SUMMARY 

This  paper  has  present  a  review  of  some  activities  at  the  Xerox  Palo  Alto  Research 
Center.  Amorphous  and  polysilicon  transistors  have  been  fabricated  on  glass  substrates  at 
350  °C.  Amorphous  silicon  transistors  have  been  integrated  with  photodiodes  onto  8x10 
inch  arrays  to  make  image  sensors  with  three  million  pixels.  The  prospects  for  using  this 
technology  driven  by  the  display  business  for  medical  and  document  imaging  are  excellent. 
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Poly-Si  TFT  a-Si;HTFT 


Fig.  1.  Flow  chart  of  the  fabrication  process  for  hybrid  a- 
Si:H  and  poly-Si  TFTs.  (a)  PECVD  deposition  of  the 
nitride,  oxide,  and  a-Si:H  thin  films  over  gate  electrodes, 
(b)  Selective  laser  dehydrogenation-crystallization  of 
PECVD  a-Si:H.  (c)  The  final  structure  of  a-Si;H  and  p- 
Si:H  TFTs  on  the  same  glass  substrate  [1]. 


TFT\s  on  Glass  Substrate 


Poly-Si: 

Mobility  =  50  cm^/V.sec 
STS  =  0.33V/dec 
•on/Ioff=2x10^ 
lLeak=0*0^pA/tJni 

Mobility =1  cin^/V.sec 
STS=:0.5V/dec 

lL«ak  =  10'^pA/Mm 


-5.00  0,00  5  00  10.00 

Gate  Voltage  (V) 

Fig.  2.  Characteristic  source-drain  current  of  both  a- 
Si:H  and  p-Si:H  TFTs  with  optimized  gate  dielectric  as 
a  function  of  gate  voltage.  [1] 


Fig.  4.  Schematic  of  photodiode/TFT  array. 
Photodiodes  are  biassed  to  -5V.  The  gate  lines 
(Gl,  G2,  G3)  are  pulsed  from  -8V  (off)  to  -^12  V 
(on).  The  data  lines  are  held  at  OV.  Note  that 
there  is  no  ground  plane. 
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